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PREFACE TO PART I. 



This treatise has been compiled for the use of the officers of the 
Royal Engineers studying ai the School of Military Engineering. 
The great variety of designs which may ordinarily fall to the lot 
of such officers renders it imperative that any treatise professing 
to assist or guide them in any way, should be directed not to one 
branch of structural engineering only, but should, as far as possible, 
include all those that are likely to come within an officer's experi- 
ence at home or abroad. The present volume, therefore, includes 
a good deal of miscellaneous matter. It has been prepared so as to 
correspond approximately with Part I. of the course of instruction, 
which aims at placing an officer in a position to design buildings of 
an ordinary nature, such as barracks, stables, stoie-houses, etc. 
Certain subjects, however, such as continuous beams, built-up iron 
or steel girders, and the theoretical consideration of retaining walls 
and arches, have been deferred to Part II., as they would have 
made the present volume of inconvenient size. 

In Part II., besides the subjects above alluded to, the design of 
bridges of all sorts, of reservoir walls, and of sea defences, will be 
considered. 

Most treatises on the subject in England are compiled for 
engineers practising at home. Engineer officers of the English 
army, however, have to do a large part of their work abroad, and 
have to fall back upon first principles in their designs. Every 
endeavour has been made in this volume to emphasize this fact by 
giving tables of the materials in use abroad, and by examjjles based 
on foreign experience. The tables, however, are most imperfect, 
and it is hoped that further information on the subject may, in the 
future, be forthcoming. 

With regard to theoretical proofs, it will, no doubt, be universally 
conceded that without the assistance of mathematics very little 
advance could be made in any scientific design. On the one hand 
"a complex algebraical investigation is often not merely useful, but 
indispensable ; but in expounding such a proposition as a part of 
practical science, and applying it to practical purposes, simplicity is 
of the first importance, and, in fact, the more thoroughly a man 



hiu atiidicd the higher mathematics, the more fully does he become 
aware of tbia truth."* On the other hand, to gain simplicity by 
the simple method of omitting all the sCeps which have led to the 
investigation is to deprive those students of science, who wish to 
examine for themselves the data on which the practice is founded, 
of the assistance which they naturally look for in forming a sound 
and logical conclusion. In this work, therefore, mathematical 
proofs have been given, where it has beea possible to do so without 
unduly interfering with the context, in appendices to the chanter 
dealing with the practical application of the subject. It is hoped 
that, thus relegated to a a'libordinate place, and yet not wholly 
omitted, mathematical science ia given ita due place in relation to 
engineering. Most of those proofs have been taken from books on 
the subject : some, however, have been worked imlcpemlently by 
Captain C. F. Close, KE. 

The following works have been consulted in the preparation of 
the text ; — 

General Wray'a ApplicuHutts of Theirry to the Practice of Cunatrue- 
Htm (revised by Colonel Seddon, E.E.). 

Professor Kankine's Applied Mnclianire. 
„ „ Civil Enginea'ing. 

„ „ Useful Rules and Tables. 

I Professor de Lan/.a's A/iplieil Mecluinics. 
I Mr Claston Fidler's Fraclicul I'reatise on Bridge Condruriion. 

I'rofessur Warren's Engineering Uonstruclioji in Iran. Steel and 
Timber. 

Rivington'a Buildlnij Construction. Part IV. 

Professors Johnson, Tiiriieaure and Bryan's Theory ami Pro'tt/x of 
Modern Framed Straciurex. 

Professor Uiiwin's Testing of Materinh of ConstrucMon. 

Mr. Tarn's Mechanics of Arckileelure. 

Professor Baker's Treatise on Masom-y OondmrtihU. 

Mr. Anglin's Design of Slructia-es. 

Mr, Patton's Practical Treatise on Fmiiidatiims. 

The Rumkee Trealise of Ciinl Engineering. 

The Military Works Sandbcok of Specifiratimis, etc., 
As well as technical journals and the well-known pocketbooks of 
Moles worth, Trautwiue, and Hurst. 

G.K.S.M. 

Chuilmi, April, 1397. 

• Professor Rankine, Ajrpiicd Mechunitu p. 9. 
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Page 56, line 3, for — read -- , P being the load. " 

„ 129, „ 19, /or "W = :jV" read ''v = :^.'' 

,, 129, „ 25, /or "t?," rearf "V." 

,, 139, ,, 2, /or "W = weight" rea^/ "/r = weight." 

147 14 for "Li£iil]_ l^_l? xW-24(K>" nud 

'•1 (a:-^ 1) 1 X 15 

7Mx:-iri4^^^''-*^'' 

,, 147, „ 18, /or "a = 26" reat/ "a = 3-36.* 

182,* „ 2, /or " 1202" read '* 1442." 

182, „ 30, for '*275" read ^♦2-75." 

1 85, , , 2, for * ♦ + 336 " rea<i » ' x 336. " 

,, 210, substitute /or line 3 " = V.W TM? = Vf IT^^ 260- = 760, Mh and 
Mv being the moments of horizontal and vertical component h, 
as on p. 207." 

,, 210, line 6. /or "3638" read "7460." 

,, 212, „ 16, /or "2m7 + c" read "2M'xr." 

,, 219, Fig. 196, omit central row of rivets. 

,, 222, line 8, /or *' 3-1416^4 x rf2x rs " read ^' 31416 x r/*-' x rs-l-4." 

,,222, ,, 14, for '*w'" read "/i"." 

„ 223, „ 8, for "fall" rewi "fail." 

„ 241, „ 34, for " LSW " read " LSw." 

„ 255, „ 27, /or "7-r4" read "7-f5." 

„ 256, „ 8, /or "2409" read "2400." 

„ 256, ,, 15, for "Chapter IX." read "Chapter X.'* 

,, 266, ,, 1, /or "portions" read "positions." 

,, 277, ,, 11, /or ''Hlate V." read ''Plate VII. • 

,, 282, ,, 10, /or "CA = 5100xl5-3400x7-5-^5-9 ' r^ad 

«; ^^^_51( K) X 15 - 34<K> X 7 5 ' 

o'-9" 
., 307, „ 16, /or **W/xl2" read "W7-fl2.' 

.. 308, ,, 9, for "square" read "cubic." 



THE PRINCIPLES OF STRUCTURAL 

DESIGN. 



CHAPTER I. 



Introduction. 

Dafinitions. — Active and Passive Forces. — Tension, Compression, and 
Shearing. — Ultimate and Working Strength. — Factor of Safety, Fatigue, 
Elasticity, Stiffness, and Resilience. 

An engineering design may be looked upon as a problem in attack 
and defence. Just as a military commander on the defence seeks to 
be everywhere stronger than his enemy, not merely in troops, but 
also in defensive power, so the engineer in designing a structure 
must arrange it so that it shall be everywhere stronger than the 
force or forces it has to sustain, not merely in actual weight, but in 
the various influences which ensure stabilit3^ And as in warfare it 
is necessary for a general to study carefully his adversary, as well as 
to be acquainted with the capabilities of his own resources, so the 
engineer must study the external conditions likely to be brought to 
bear on his structure, as well as the capabilities of that structure for 
resistance. 

The external, or what we may call the attacking powers, are some- 
times called active forces, the resisting power the passive forces. The 
latter are, within the limits of the capacity of the material, only just 
sufficient to balance the former. Thus if a beam capable of bearing 
a load of 10 tons is loaded only with 1 ton, the internal resistance 
will be that due to 1 ton only. This may appear self-evident, but it 
is a principle of importance, and is of assistance in the investigation 
of certain cases. It is not, however, strictly accurate to speak of 

either as force, because there are other considerations, as will be 

B 



presently Been, whicfi enter into the question of stability. It is 
poBsibly preferable to call these aclive and passive wfiuences. 

In the investigation of both, experimental science must necessarily 
play a large part. On careful obacrvation nf the behaviour of 
materials under various conditiona, our knowlctige of the stability 
of any structure formed of those materials must be founded. This 
is of the utmost importance. N^o design is practically wocth con- 
aidering, where the knowledge of the properties of its materials is in 
any way ignored. 

Yet such knowledge must be utilized by the skill of the scientist. 
In the words of Luigi Cossa (quoted by Sir G. Molesworth): " It ia 
needful to hold ourselves aloof equally from the so-called doctrinaires, 
who refuse the assistance of practice, and from the empiricists, who 
obstinately close their eyes to the light of theory." A French writer 
has stated "theory is the general, practice is the soldier," and as 
an army without officers would be a rabble, so practice alone in 
engineering will not tend to economy, but to extravagance on the 
one hand, or danger on the other. Theory and practice must work 
hand in hand. 

Definition, of Terms. 

Before entering on tho examination either of the general principles 
usually involved in stability, or of the properties of various materials, 
it ia necessary to define various terms commonly used. 

A Sii-uebtre, as opposed to a Machine, is any work of human arL 
which is ultimately intended to remain in equilibrium, without 
motion other than that of such a nnnor nature as vibration, or 
expansion and contraction due to changes in temperature, etc. 
The expression " stnicture " applies not merely to a work as a, 
whole, sMch as a bridge, or a house, but to each part of it, as the 
arch, or the floor joists. 

A Siress is the internal force set up in a structure by the action of 
external forces. 

A Slmin is the change of form produced by a stress. It may be 
that this change is only temporary, i.e., when the force is removed, 
the structure may resume its original form. Or the stress may be 
BO great that the structure does not regain Its original form. It is 
then said to bo permanently strained. 

There are three kinds of stresses, viz. ;^ 

(IV Tejisile stress, or lensi&n. In this case the tendency is to pull 
apart, or tear away, one particle of the substance from that adjaceut 
to it. The fibres in the structure tend to become elongated. 



(2). Compressive stress is the opposite of that just described. In 
this case the force pushes at both ends of the structure, tending to 
force the particles together, or crush the fibres of the material. In 
some cases the compressive stress is called the bearing stress, e.g.^ in 
rivetted joints where the rivet tends to crush into the plate, remain- 
ing itself intact. 

The two above classes of stress may be either normal or oblique^ 
relative to the surface at which they act. 

(3). Shearing stress is where the particles tend to slide past one 
another by the action of forces pulling in opposite directions. Thus 
in Fig. 1 the rivets are subject to a shearing stress, tending to cut 

them in two. This stress is 

also called tangential^ as it 4— <« ^ ' jjr -' ^'w >. 

acts in two contiguous bodies 

parallel to their surface of Fig. 1. 

contact. 

In addition to the above simple stresses there are various com- 
pound stresses. Of these the most common is transverse stress, in 
^hich the load, acting transversely to the axis of the structure, tends 
to produce compression in one set of fibres, tension in another set, 
and shearing stress throughout. 

Where English standards are used, a stress is usually measured in 
tons, cwts., or lbs. The intensity of stress or stress on a unit area is 
^08. or tons per square foot or square inch. With the Metric 
System, the stress intensity is usually expressed in kilogrammes per 
^^re centimetre. 1 kilo, per square centimetre = 14-2 lbs. per 
square inch. 

The word strength is often used in connection with structures. It 
18 useful to remember that it means the quantity of resistance to 
rnptuie which the structure is capable of affording, measured in any 
^nvenient way. The strength of a structure may be expressed by 
vanous compound expressions, to be noticed hereafter when treating 
of Resistance to Rupture (Chapter V.). 

Besides the stress intensity there are the following expressions used 
^ith regard to stress : — 

(1). Ultimate stress, sometimes called limiting or breaking stress, 
^iich, as the name implies, gives the stress at which rupture 
occurs. 

(2). Proof stress, which is intended to be applied only for a short 
time to test a structure, is the greatest stress that can be applied 
without permanent injury. 

b2 



(3). Working stress, i.e., that which can ho ajiplied for any length <] 
time without fear of injury. 

Of these, the ultimate stress having been found by experiment, 
the working stress beurs a ceitain definite ratio to it. This ratio is 
called tho faclor of safety. It ia usually taken at about \ or i- of 
the ultimate stress, but varies, sa shown in table below, for various 
mateiials, and various Io;ida. Thus if wrought iron is proved to 
have an ultimate tensile strength of 24 tons to the square inch, and 
it be decided to arrange a structiire built of this iron so that each 
square inch shall bear no greater stress than 6 tons, when in tension, 
ultimate stres3 = 24 



the factor of safety will bo - 



1 = ^- 



Just as slrt& 



Load. ^H 

i the internal force excited in a structure by out^ 



ward influences, so load is the corresponding term for the external 
force acting upon the structure. Tho expressions ultimatH load and. 
woi'king load are often (conveniently) used in place of ultimate 
stress and working stress. 

A load may be distributed in various wa3-s. It may be concen- 
trated in the centre, as in Fig. 3, or concentrated at a given point, 
not at the centre, as in Fig. 3, or it may be uniformly distributed, as 
Ivor a part or over the whole. The stresses produced in 



Fig. '. 



itimntw 



L 



the heiim, as we shall see in subsequent chapters, will \ary with t 
distribution, thou<;h the load may be ihe same in every case. 



Loads are commonly spoken of as dead loads and live loads. The 
former is that which is applied very gradually, and which remains 
steady. Thus water quiescent in a tank is a dead load. The weight 
of a structure itself is a dead load. 

A live load is that which is suddenly applied, or is accompanied 
with shocks, or impact. Thus the weight of water in waves dash- 
ing against a pier, a crowd of people moving on a floor, a railway 
train crossing a bridge, etc., constitute live loads. 

A live load is considered to produce in structures twice the stress 
that equivalent dead loads produce. Thus the quiescent weight of 
human beings on a floor is about 70 lbs. per square foot, but as 
allowance must be made for movement, 140 lbs. per square foot is 
taken as the ordinary basis of calculation. 

Value of Factor of Safety, 

The factor of safety is often calculated with reference to the load, 
whether live or dead. The following table gives the factors of safety 
recommended for various loads and in various materials : — 



Table I. 



Authority. 


Nature of Structure. 


Nature of 
Load. 


Factor of 
Safety. 


Remarks. 




Timber. 








A. 


Tension members 


Dead 


10 


Ijatest views on 
this subject. 


U. 


Generally 


>> 


7 




U. 


»» 


Live 


10 




A. 


Compression with grains ... 


Dead 


5 




A. 


, , across , , 


>> 


4 




A. 


Shearing 


>> 


4 




A. 


Transverse rupture 


»j 


6 


Extreme fibre 
stress. 


K. 


General 


Varying & 
Shorter 


10 




S. 


Exposed to weather 


Dead 


10 




S. 


Undercover 


»> 


8 




s. 


For temporary purposes ... 


>> 


4 




w. 


Ordinary buildings 


>) 


4 




w. 


Bridges 

Brichwork and Masonry*, 


Live 


8 


*This depends on 


u. 


General 


Dead 


20 


a great variety 


u. 


«j ••• ••• ••• ••• 


Live 


30 


of subjects. If 


R. 


i> 


Dead 


4 to 10 


laid with good 


B. 


•« ••• ••• ••• •«• 




av. 8 


supervision 


s. 


«o.l7Cll6S •• •• ••• ••• •«• 

Cast Iron. 


Dead 


20 


and care, both 
as regards ma- 
terials and 


u. 


General 


Dead 


4 


workmanship, 


u. 


% % ••• ••• ••• ■•• 


Live or 
Varying 


6 to 10 


the margin may 
be compara- 


u. 


•% ••• ••■ ••• ••• 


Varying 

with 

Shocks 


15 


tively small 


s. 


X lXic«X i3»»« ••• ••• ••• •• 


Dead 


6 




s. 


,, subject to vibration 


Live 


8 




s. 


,, (if well cast and 
ends planed) ... 


Dead 


45 




T. 


,, (if not ditto) 

Wrought Iron and Sted. 


>j 


15 




U. 


General 


Dead 


3 




u. 


% y ••• •• ••• •• 


Live 


5 




u. 


% y ••• .•• •■ #•• 


Varying 

with 

Shocks 


8 




M 


any other authorities give pn 


ictically tht 


J same. 




R. 


General 


Dead 


3 




R. 


jj •• ••• ••• ••« 


Live 


4 to 6 





A.— American rommission on Railway Bridges, 1895. U. — Prof. Unwin. R. — Prof. Rankine. 
W.— Prof. Warren. S.— Prof. Stoney. B.— Prof. Baker. T.— Trautwine. 



In determining the factor of safety, an engineer must lie guided 
not only by tho nature of the load, whethoi' steady, or varying and 
jerky, but also by the nature of the material, and in some cases the 
workmanship. For instance, wrought iron is a material about which 
our knowledge is fairly definite, and which is little affected by faulty 
handling, whereas concrete is capable of almost infinite variatioDt' 
not only in the materials used, but In the manipulation of thosft 
materials. 

Fuligue of Materials. 

Another consideration which affects the value of the factor of 
safety ia the deterioration produced in the fibres of the 
material by repeated application of the load, or by rever- 
sal of stresses. This is known as the fiiiigiie of the material, 
Kepeatcd experiments have been made on this subject hy eminent 
engineers, such as Sir \V. J'airbairn, Sir B. Baker, Herr Wohler, etc 
It hue been found, for instance, that the chain of a ciano will some- 
times nltimately fail to carry a, load which it has lifted previously 
with safety. 

It is supposed that the effect of frequent shocks or vibration is to 
change the fibrous structure of wrought iron to a crystalline texture 
resembling cast iron. 

This subject is of importance, especially, as regards structures, in 
the case of bridges built of open girders, where, owing to changes 
in the position of the load, certain members are exposed to different 
stresses at different times. To fix the limit of all the iron or steel 
in such a bridge at a certain definite amount, as is done in the Board 
of Trade Rules, is to give excessive strength to some members, and 
to give a strength which maybe dangerously near the limit in othere. 
It is clearly sounder " to make the working stress depend upon the 
rangfi of stress, or upon the impact, or upon both these causes com- 
bined. Thus in the New York Elevated Kidlroad the flanges of 
the girders were designed for a stress of 3-i tons per square inch, 
the web bracing for 3-i tens per square inch, and for members sub- 
jected to alternating stresses only 2 tons per square inch was 
allowed."* 

Elasticifi). 

Another bisia for fixing the factor of safety in a material is the 
elastic Hmil, which must now be defined. 
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A material is saiil to be clastic when it has tho property of rega. in 
ing its origitml shape after hiiviug lieon Gtrained, nr, in other wor*3^! 
if the etruiii disappears after the etrcss h3,B been removed. A ^cri^ 
or cricket bail when hit " clean " leaves a circular impression almost^ 
equui to the diameter of the ball on the fjoe of the club or bat, bu*- 
if the ball be examined it will be found to have regained its origiiiaJ 
gliape, and not to have become Hat at tho place where it has received 
tho blow. This regaining of sha|o is due to its elasticity. 

If a bar of elastic material be subjected to a gradually increasing 
tensile stress, it will be found that the increments of It^ngtb are in 
direct proportions to the increments of stress. This is also the case 
if the hur be subjected to a compressive stress. This princi[jlQis 
known as Hooke's law, " Ut tensio sic vis," as defined by the discoverer 
in 1676. 

But this law is only of limited application. A point is reached in _^ 
most materials where the strain does not disappear with the removal of 
the Bti'esB. This point is called the elimtU limit of tbo material. 
Some materials have a much greater elasticity than others. Lead, 
for instance, has no elasticity, while glass is very elastic* Iron and 
steel are elastic up to about half their ultimate strength, i.e., in 
wrought iron about 12 tons, and in miltl steel about 18 tons per 
square inch, It will be ut once seen that, as in no structure is a 
permanont strain (or permanent set, aa it is technically called) on any 
[ Bccount permissible, elasticity is a very important measure of strength. 

The term Modulus of EluMlidty of a material is tho standard by 
which the effects of elasticity in the members formed of that material 
are measured. It is the ratio of stress to strain, the former expressed 
per unit of area, and the latter per unit of length. Hence it may 
also be defined as the ideal stress which would be capable of stretch- 
ing a perfectly elastic bar of unit area to double its length. 

For, if L = original length of a bar in inches. 

F = stress applied to it in lbs. or tons per square inch- 
/ = increment of length aiising fi'om P. 
E = the modulus of elasticity in lbs. or tons. 

K = ^xLorE:L::P:;. 

For the exact determination of this, delicate testing machines 
with automatic registers are craploj eil. These, however, need not 



h described. Any irregularity or flaw in the material tested will 
affect tlie result, hence no two bars of the same material give 
exactly the same results. 

It follows also that in a framed structure it is not desirable to 
have the members built up of materials having very different moduli 
of elasticity, as, for instance, a truss partly made of timber struts 
and iron tie-rods. Owing to the difference in contraction and exten- 
sion, it is impossible to calculate with any exactness the amount of 
the stresses on the various members. 

Stiffness in a material is that property which tends to resist being 
strained. It is a very different thing from strength against breaking. 
It depends upon the modulus of elasticity, and, as it will be seen 
when treating of deflection, upon the arrangement of the material. 

In all permanent structures it is of the greatest importance. 

Besilience is the term used to specify the amount of work done 
on a bar when the stress just reaches the elastic limit, or the energy 
stored in the bar during the act of producing a strain. On the 
removal of the stress the energy will be restored, or visibly repro- 
duced, by effecting the recovery of the figure to its original form. 
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Bulra tor Centre of Gi'avity. — Law of Lover. — Paral!elogram and Triangle of 

Forces. -Graphic Methoda. — Polar Diagrams. 
There arc certain leading principles which enter more or less into 
every problem of engineering design. These may be familiar to 
most rBBiders of this work, but as a clear understundtng on this 
subject is most essential, it may not, perhaps, be a waste of time to 
go over these principles before going on to consider other matters. 

Professor Rankine calls force "an action between two bodies, 
cither causing or tending to cause change in tlieir relative rest or 
motion." A force is further defined by an American scientific 
writer* as "a tendency to change the relative motion of the two 
bodies between which that tendency exists." Two bodies, at least, 
must be concerned in the transaction, but we may confine our 
attention wholly to the motion of one of them, referring its motion 
either to the other as a fixed point, or to some body different fj^m 
aither. Hence, in speaking of the force, we may consider it as 
acting on the body under consideration, and caJ! it an external force. 

To measure force wc take some unit of weight — pounds, cwts., tons, 
kilogrammes, etc. It may be graphically illustrated by a straight 
line drawn (1) to a scale, the divisions of which correspond to the 
units of the force. This straight line may also, on a. drawing repre- 
Henting the bodies in question, be drawn (2) in the direction corres- 
ponding to the line of direction of the force, and (8) with its initial 
point at a position corresponding to the point of a]iplication of that 
force. Hence a line thus drawn will represent graphically 
the three conditions which we require to know about a 
force: — 0)- Magnitude. (2). Direction. (3). Point of 
application. 
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First Mechanical Principle in Structural Design. — Position of Centre 

of Ch'avity. 
In dealing with a solid substance we may consider the weight of 
that substance, and the force exerted by that weight, as though the 
whole were concentrated at the. centre of gravity of the substance. 
This is a principle of the first importance in structural design. 

The centre of gravity is the point through which the resultant of 
the weights of all the particles of the body must pass. It is, in 
more popular terms, the point at which a force, equal and opposite 
to the weight of the body, must be applied in order to balance that 
weight. If a body be freely suspended from a chord, therefore, the 
prolongation of direction of the chord will pass through the centre 
of gravity. This is a fact of practical importance, and helps us 
sometimes to find where the exact centre of gravity is. Thus we 
niay wish to find the centre of gravity of a cross section of the rail 
shown in Figs. 5 and 6.* To do so we cut out in tin or other 
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Fig, 5. 



Fig. 6. 



substance an exact cross section of the rail and suspend it from any 

point A so that it is free to adjust itself. The tension in the chord 

^^ is equal and opposite to the resultant weight of the body, hence 

the centre of gravity must be somewhere in the line AD. We may 

araw the line AD, and then suspend the body from some other point 

■E {Fig, 6). The centre of gravity will again be in prolongation of 

^E, say in EF. Therefore where the lines AD and EF intersect is 

the true centre of gravity of the cross section. 

The centre of gravity is conveniently expressed by the letters e.g. 



• In which the deviation of the lower part of the figure is purposely 
exaggerated. 
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The e.g. of a circle is the centre, of a parallelogram the point of 
intersection of the diagonals, and of a triangle {Fig. 7) the point E, 
found by joining any angle A with the centre D of the opposite side, 
and then dividing AD so that AE = 2ED or ED = J AD (Fig, 7). 

The e.g. of a quadrilateral figure is found as follows : — Let ABCD 
{Fig. 8) be the quadrilateral ; join diagonals AD, BC which intersect 





Fig. 7. 



at 0. Make AF = DO and BE = CO. Bisect EO and FO at G and 
H, and join FG, EH. The point P where these intersect is the 
required e.g. 

To find the common e.g. of two weights such as W^Wg {Fig. 9). 

Draw AB joining the 
]C two centres of gravity. 

Then draw AG per- 
pendicular to AB, and 
representing on any 
scale the weight Wg. 



Wi 








Fig. 9. 
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Similarly from B draw 
BD on the opposite side 
of AB, representing on 
the same scale W^. 
Join CD. The point E^ 
where CD cuts AB, is 

the common e.g., and a force applied there equal to W^ + Wg in an 

upward direction would just balance them. 

For centres of gravity of parabolic segments and other figures, see 

Appendix to this chapter. 

Second Meclmnical Principle in Design, 

Fig. 9 above leads on to the consideration of the law of the level', 
which is the second important mechanical principle in structural 
design. It is otherwise known as the pinciple of moments^ the term 
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mmnt being used to express the compound action of force multiplied 
by distance or leverage, and expressed in inch-tons or feet-pounds, 

ete. 

In the figure above it is evident that the line AB is divided so 

that 

AE:EB::AC:BD 

Hence AE x W^ = EB x W^, 

K the point E be the fulcrum of the lever we have this same 
principle always holding good, no matter whether E be between the 
weights, as in Fig. 10, where both weights act verticall}* downwards, 
or in Fig, 11, where the weight (Wg) furthest from E is a force 
pulling upwards, or in Fig. 12, w^here the weight W^ is balanced by 



W, 




A 



1 





lig. 10. 




Fig. 11. 







B 




Fig. 12. 

a force (WJ pulling upwards between W2 and the fulcrum. If in all 
three cases the length AB be 10 feet, the distance AE= 3 feet, and 
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I the weight W^ be 20 lbs., then ia the first case a weight of 46| Iba. 
[ at A will balance 20 lbs. at B. In the second case a lift of 20 lbs. at 
I B will balance 665 lbs. at A, and in the third case a force of 66J Iba. 
I at A will be requii'ed to lift 20 lbs. at B. 

It muat be remembered that the supporting force at the fnlcmm 
S is always equal to the sum of the weights. This may be expressed 
n the foUowirig terms ;^If a loaded beam is aiippoi'ted at. one or 
more points, the total reaction at those points is equal to the weights 
in the beam. 

When the lever is not straight, but bunt, or where the forces are 
not parallel, tbo same principle of the lever holds good, only iu these 
cases the leverage, or distance, is measured by the perpendicular lino 
from the fidcnim to the line of direction of the force. 

Thus let AEB {Fig. 1,1) represent an ordinary crank with weights 
Wj, Wj at A and B, and pivoted at E, The leverages now are the 
lines Ea, Ei drawn from E perpendicular to the direction of W, and 
Wj, and this is the case whether those directions be parallel to one 
another or inclined, as in Fig. 14. 





Fkj. 14. 



The resultant pressure at E in the latter case would be found by 
the parallelogram of forces, to be now described. 
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Third Mechanical Principle in Design. 

If three forces acting in the same plane on a point are in equilibrium, 
two of them may be represented in magnitude and direction by the 
sides of a parallelogram, and the third by the diagonal of the 
parallelogram. 

This — "the parallelogram of forces" — is the third mechanical 
principle in design. Another way of stilting it is: — If three 
forces acting at the same point in a plane are in 
equilibrium, three lines drawn parallel to them will form 
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atriangle in which the lengths of the sides are proportional 
to the magnitude of the forces. 

Thus, in /ij. 15, if P, R and Qbe throe forces acting on a particle, 
and if »e draw AB (Fig. 16) paiallel to P, BC parallel to Q, and 
make AB, BC on any scale of lbs. or tons, etc., equal to the forces 
ialbs., cffts., tons, etc., at P (lbs. or tons) and Q respectively, then 
the value of K will be found by completing the parallelogram ABUD 
and drawing the diagonal BD. Or the same result would be attained 
if we draw, in regular sequence, AB = P in magnitude and direction, 
DA=Qonthe same scale, and BD = E (Fig. 17). 




Ftg. 15. 

It follows also that any simple force acting 

represented by two others, as long 

an thej represent the sides of the 

paralldi^am, of which the original 

force 15 the diagonal. For any 

one of the forces shown would be 

balanced by an equal force in an 

opposite direction. Thu3E(i'i3. 18) 

might be balanced not by Q and 

P, but by an equal and opposite 

force Ej. But E is already 

l«!anced by Q and P. Hence Q p- iq 

and P are equal to Ei or E. -''*''■ ^^■ 

Let BD (Fig. 19) represent any force acting on a particle. BD 

nwy be represented by BC and BA or by BCj and BA„ or by any 

any other combination of forces bo long as these represent the sides 

of the parallelogram of which BD is the diagonal. 

Heoce any force, as BD, may be resolved into two others, BC and 
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BA foi'ming any angle at the point of application. UsmUy that 

angle is a right angle. Thiis let BD {Fiij. 20) represent the force in 

L «n inclined prop pushing against the ground at B, and against a 

I Tertical pillar DA at D. It is required to know how ranch force is 

1 pressing vertically on the ground at B, and ho'.r much is pressing 

pitrallel to the ground, tending to ra:ike the prop slide. 
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This is found by completing the rectangle ABCD to scale and 
measuring the lengths EC, BA, or, calling the angle DBA = B. 

AB = BD cos S ; AD or BC = BD sin S. 

This resolntvm of forces is one of the commonest mechanical, 
principles involved in structural design. Wiiere the angle between 
the resolved forces is a right angle, it is generally easiest to find the 
values of the components by mathematical analysis, as in the 
example above. Where this angle is not a right angle it is usual to 
draw the resohed parts giaphically to scale, but it is, of course, 
possible to represent them analytically. 

Thus if E be the force, P and Q the resolved portions, acting at 
an angle ft (Fig, 21)— 
E= -Jt^ + i^' + iPii cosO (remembering that cc 



and if a be the angle which R n 



with c 



-cos{lSO-e)), 
c of the components — 



"lt = 



1 6, and ain {6 - ") = p sin I). 



From tbe foregoing it will be seen that if any number of forces 
acting at a point produce equilibrium, those forces may be represented 
in magnitude and direction by the sides of a polygon drawn parallel 
to the direction of the forces. Thus let us take the forces P, Q, R 
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Mid S (Fig. 22). Any two of these forces, say P and Q, may be 
replaced by Pj, wbich, with the remaining two, S and R, will still 
produce equilibrium, and will therefore equally represent the third 
side of a triangle of which P and Q, or S and R, are the other sides. 
We may draw the line AD on any scale (Fig. 23) equal to the 
number of units in the force Pp and draw on one side of it AB, BD 
parallel to Q and P, and on the other side AC and DC parallel to S 
and R, and we then get the polygon ABDC, with sides BA, AC, 
CD, DB corresponding to the forces P, S, R and Q respectively. 




Fig. 21. 




Fig 22. 




Fig. 23. 

The proposition may be thus stated : — If any number of forces 
be represented in magnitude and direction by the sides of a polygon 
taken in order, then, if these forces be simultaneously applied at 
one point, they will balance each other. 

Conversely, if any number offerees simultaneously applied 
to a point produce equilibrium, they can be represented 
in magnitude and direction by a polygon, in which the 
sides taken in order correspond to the forces taken in 
regular sequence. 

Graphic Repi'esentation of Foi'ces. 

The above remarks introduce the subject of graphic diagrams, a 
inatter of much importance in connection with the determination of 
stresBes in structures. 
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The examples given above in Figs. 20 and 23 show graphic 
diagrams of stresses, but the notation there employed is unsuitable 
for use in large and complicated trusses. The notation devised by 
Mr. Robert H. Bow, and also recommended by Professor Henrici, is 
much to be preferred. It is as follows : — The radiating lines 
in Fig. 24, representing forces directed on one point, are repre 
sented by capital letters placed in the angles. Thus the force AB is 
the force on the line between the letters A and B. In the stress 
diagram {Fig. 25) the sides of the polygon are denoted by small 
letters in the ordinary way at the ends of the lines, corresponding 
to the large letters in the radiating lines of forces. Thus the line ah 
{Fig. 25) represents the force AB {Fig. 24), and so on. In drawing the 





Fig. 24. 



Fiq. 25. 



polygon of equilibrium, we must always take the forces in regular 
sequence, working either right-handed or left-handed rotation. By 
marking the direction of the forces with arrow heads and, in the 
polygon, making these arrow heads follow one another, we may find 
the magnitude and nature (whether pushing or pulling) of an unknown 
force which we know is necessary for equilibrium. In the case 
above : — Let AB, BC and CD be known in magnitude and direction, 
while DE and EA are only known in direction, but their magnitude 
and nature is unknown. Accordingly ah, he and cd are drawn : ae 
is drawn parallel to AE and de parallel to DE. Then, from the 
polygon, the magnitude of ae and de can be measured, and from the 
direction of the arrows it is seen at once that they are pushing, or 
compressive forces, because the direction of the arrows is totuards the 
common point of application. 

In order that these may be complete, it is necessary that not moj'4 
than two of the forces at any one point should be unknown. For in th^* 
above diagram if AE and CD were unknown, the direction of 
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only would be known, but its position or magnitude, and, therefore, 
that of cd and ac, would be uncertain. 

But although it is true that not more than two forces at any point 
must be unknown, it is quite possible to find all the stresses in a 
jointed frame where the magnitude of only one force is known, pro- 
vided the direction of the others is known, and even if the direction 
of one of the others is unknown, it is still possible to find out all 
about them. Thus in the jointed frame shown in Fig, 26 let the 
force AB be known both in magnitude and direction, BC, CD, DE 
and EF be known as regards direction, and the supporting forces EF 
and FA be unknown. 

We begin drawing ab {Fig. 27) to scale, parallel to AB and equal 
to it in amount (lbs., etc). From b draw bg parallel to BG, and from 
fl draw ag parallel to AG. These lines intersect at a point g, and 
thus we know the magnitude, therefore, of AG and BG. From b 
draw k parallel to BC, and from g draw gc parallel to CG. This 
gives the magnitude, therefore, of BC and CG. From c draw cd parallel 
to CD, and from g draw gd parallel to GD. From d draw de parallel 
^ DE, and from g draw ge parallel to GE. 





Fig. 26. 

^rom e draw ef parallel to EF, and from g draw gf parallel to GF. 
Then the dotted line fa must represent the magnitude and direction 
of the remaining force AF. 

By examination of this figure we see that (1) in every case there 

IS only one unknown stress, and (2) by following in each case the 

direction of the arrows we see that the members GA, GB, GC, GD 

and 6E are all in compression, while GF is in tension. For if we 

take the diagram for the right-hand lowest corner we begin with the 

C2 
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known force ge pushing downwards, then, as the arrows follow oi« ^ 
another, f/ pushes upwards and /jpulia away from the joint (M'y. 2S^- 

Gra])hic diagrams are not only used to represent forces, whore tl*. ^ 
flcale coiTesponds to units of weights, hut they are also useil t>-^> 
represent compound expressions, such as foot-pounds or inch-ton^^3, 
i,e., the pivjdnct of feet multiphed hy Ihs., etc. 

It must be remembered that these diagrams are only pictori^^l 
representations, as it were, of forces, etc., which cannot other wi^*s.«t 

be readily manifested. It is easy, comparatively, to arrange for t)w ^ 

material to resist such forces when we see clearly what they ar^^^- 
Eut it does not follow that because a hi'idge or roof has a particul^^B*' 
stress diagram under a given load, that the external appearance 'jf tl^»^ ^ 
structure when built will have the slightest rejemhlance to the stre!-=^=** 
diagram. 

Method of Drawing a Parabola. 

As parabolic arcs enter frequently into graphic diagi'ams, it ra^^^-^ 
here be advisable to describe one or two methods of drawing the^^ — '* 
in the absence of any special instrument designed for that purpose— 

Let A, B, C {Fi;/. 2y) be three points through which it is necessaBT— .y 
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to di'aw a parabola, C being equidistant from A and B. Bisect A 
in D, and draw CE = CD. Join AE and EB, aud divide them in-^** 
any equal number of equal parts, mimbering them 1, 2, 3, etc. Jo::^* 
1 — 1, 2 — 2, etc. These lines are tangents to the required pai-abol-^*" 
the shape of which is sufficiently indicated by them. 

Another method {Fig. 30) is to draw from C a line parallel to A^&^ 

and divide AD, CD into the same number of equal parts. Draw at^ ' 

c^ perpendicular to AB. Join Cd, Ct, C/ Then the iutersectic^*' 

of Cd with aa', Ce with 66', C/ with cc' will give points on che curv^' 
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If the height of the parabola AD is not greater than ^ AB, the 
curve may, with sufficient 
accuracy, be represented 
by the arc of a circle. 

The e.g. of a parabola 
is at G {Fig. 31) where 
DCt=|CD. The e.g. of the 
half CDB is at H where 
BK=fBD. The area of 
ACB=|AEFB. The e.g. of 
the spandril ACE is at a 

point I where IL = y\EC „. «, 

and IM = lEA. The area ng. 6L 

of ECA= ^ADGE. For proofs see Appendix to this chapter. 

Polar Diagrams. 

Sometimes in the graphic representation of stresses it is advan- 
tageous to make use of what are called polar diagrams. In these 
eases a point is 
taken outside, and 
auxiliary lines drawn 
from it to certain 
points in the diagram 
of stresses, which 
assist in the solving 
of the problem. 

To take an ex- 
ample, let there be 
three known forces 
I^QS and one un- 
known force E. pro- 
blueing equilibrium 
on a body (Fig. 32). 
I^w the polygon of forces {Fig. 
33) pqrs where pq = P, qr = Q, 
F=S. Then rs must = R in 
magnitude and direction. But 
the point of application of R is 
5till uncertain. 

To find this, take any point 
0, caUed the pole, and join Oq, 





Fig. 33. 



r Op, Or, Os. From any point a in tlie direction of P draw itb parallel 

r, meeting the liirection of Q in 6, ami ac parallel to Oji meeting 

tte direction of S in c. From b atul c draw lines parallel to Or and 

I Os. These meet in d, which fixes the line of E. From d draw a line 

[ pai'aliel to ya. This will give the point of application of R, The 

['figure abed is called the fimicular polygon. As the pole O may 

1 be selected anywhei'e, it follows that there may he any number o£ 

■ funicular polygons, and as the point a may be seletited anywhere, 

[ there may be any numbei of polygons for the same position of the 

pole. But whatever be the position of the pole, or the starting point 

a, the point of intersection il will always fall on the line of action of 

the resultant E. 

If the system of fortes is in ecjuilibrium, the funicular as well as 
the force polygon must close. 

This method of polar diagrams is most useful in many cases, in 
• the checking of analytical calculations, or in solving problems which 
otherwise could only be attained by the iiso of high raatlieniatica. 
Further developments of graphic diagrams will be noticed when 
we come to the appli- 
cation of Iheni. 

In considoritig the 

effect of forces of any 

fairly rigid body as 

ABCD {Fig. ;U), if PQ 

represent the line of 

direction of the force, 

the effect on the entire 

the same, whether im 

parted as a push at G, F, D or B, 

or a pull at E. C or A, or applied 

at any other point in the line PQ, 

Thus by producing the lines 

of two forces P and Q, acting at 

points A and B, till they meet 

at C, we may obtain graphically 




the resultant force R (Fiff. 35). 
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1. Find tbe e.g. of i 

2. Find the e.g. of s 



triangle with s 
quadrilateral v 



ChieM- 

des 3, 4 and 5 unite. 
ith sides 3, 3, 6 and 8. 
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3. Assuming that the distance between the answers to 1 and 2 is 
10 units, find the common e.g. 

4. With a lever arm of 12 feet hinged at one end, what force 
applied at 3' from the hinge would be required to raise 3 lbs. at the 
other end] 

In a right-angled bent lever with arms 5' and 3' long, what 
force making an angle of 60° with the former will be required to lift 
30 Ik at 90" with the latter ? 

6. In question 5 what would be the pressure on the hinge? 

7. A strut presses on the ground at angle of GO** with a pressure 
of 3 tons. What must be the horizontal force to prevent it from 
slipping ? 

8. A force of 80 lbs. is to be resolved into two, making an angle 
of 60°. Find the values of these components. 

9. Five forces, of which two are unknown, meet at a point. The 
three known are 20, 30, and 40 lbs. respectively, and the angles in all 
cases are equal. Draw the stress diagram. 

10. A triangular roof truss with slope 30° rests on walls 12' apart. 
Draw the stress diagram, assuming the weight on each side to be 
200 lbs. 

11. Draw a parabola where the span = 24 feet and rise = | span. 

12. Find the e.g. of a parabolic spandril 5' long, 2' in maximum 
depth. What would it weigh at 4 lbs. per square foot ? 



APPP]NI)IX.* 

■*-H£ centre of gravity of a body, whether plane or solid, is thatj^point 
through which the resultant of the weights of the several parts into which the 
"^ niay be supposed to be divided always passes. If we represent the 
weight per unit of volume of the body by w, and the total weight W, while 
^ is the unit of volume, and x^^^^z^^ are the ordinates of the e.g., we have 

for if R be the resultant -in any one plane 

XQR=jwxdx, and B,=jwdx; 

_jwxdx 

" jivdx 
and 80 for the others. 

* Chiefly from de Lanza's Applied Mechanics. 



If the boily i> homogenenua, or of the sunic wclglit \iev unit uf vdIuih^ 
[ throughout, 10 i« constiiiit, ami W=u<jilV. 

For a flat plaUi iif uniform unit tliickiiess, siiuli iin we genemllj consider ii 
I tbs desitgn of II atrucLure. dV — ldxdy. hence 
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Fig. 3G. 



Let OA correnpoiiding to CD in Kr/. 31 = i,, AB = y,. Let () Ije the origin, 
Kii^othe co-ordinates of the e.g., and , the equation to the uiirve being ^' = 4u3:. 



j xdiiliy 3b I K'dy 



yi, = BiniiIar]y 3yi, and the area of the Begaiei 



J. i.^ 



, i . f , 



Cash 2. — Paraholic ipaiidril OBC. 

xdxdi/ 






- = Axi, 






and .'/ = jy,. Area = a;,j(,- ia;ij), = |2ij)i. 

Cask 3. — T nfflion. In this eaBe it is not necesEuiry to resort to iiilepriitioii, 
Ufi tlie section ia made up of simple figiirca of which we iilready know the 
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A-^entre of gravity. What we practically want to know is the distance of the 
horizontal line passing through the c. g. from the top or bottom of the section. 
The area of the figure x the distance of its e.g. from any axis = the area of 
the component parts of the figure x the distance of the eg. of each part 
from the axis. Thus in Fiq. 37 let the distance of the e.g. of the whole section 
from the upper edge = a:, then, taking moments round that edge, we have 



X 



x{HB-A(B-fc)}=iBH2-A(B-6)xrH-2) 



whence we readily obtain x. 
The same reasoning applies to an angle section. 
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Fig. 37. 

Case 4.— 1 section (Fig. 38). Following the same reasoning as before, 
x{l^{B.-h) + hi{h-hi) + hhi} 

Tvhence we can obtain x. 
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Fig. 38. 
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CHAPTER III. 



PKOrHRTIES OF VARIOUS MATERIALS USED. 

I finportanoe of this Subject. — Various Properties wljich. must be InvoBtigateit 
Tests. — Masonry. — Brickwork. — Coniirete and Mortar.— Timber. — Iron 
and Steel. 
A KNOWLEDGJK of the materials at his disposal, their characteristics, 
relative cost, and suitability for the work proposed is a matter of 
absolute necessity to the engineer. It is not proposed here to enter 
into any diasertation on the characteristics, or method of working, 
or cost of various materials, as it is considered that such knowledge 
is outside the scope of this treatise. But the suitability of niateriais 
to resist the stresses of various kinds mentioned in a previous chapter 
must engage attention before we can consider any pi'actioal problem. 
How to ascertain these properties of resistance is often no easy 
matter. Nowadays scientific laboratories have been largely 
established in connection with technical schools. Private establish- 
ments, such as the well-known firm of David Kirkaldy & Son, 
of Southwark, make the subject a speciality, and, being equipped 
with the best apparatus obtainable, are ready at all times to carry 
out tests of any sort that the engineer may wish. It may often 
happen, however, that in out-of-the-way places an engineer may 
have to carry out work with local material, and time may not admit 
of his sending it for testing to such reliable authorities as those just 
alluded to. He is then obliged to fall back upon such rough tests 
aa he may Ije able to apply himself (and he should invariably do his 
best to ascertain for himself as much as possible), or he may, by 
comparing what he can observe of his materials with what has been 
tested accurately with other similar and similarly situated materials, 
form a fair opinion as to what he may reasonably expect. 
It is proposed here to give a few results of experience in the case. 
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of various building materials as a comparative guide, classifying 
information under the headings: — (a). Masonry, (b). Timber, (c). 
Iron and Steel. 

(a). Masonry. 

Under this general heading is included: — (1). Stone. (2). Brick- 
work. (3). Mortar. (4). Concrete. 

The crushing strength of stone is generally tested by applying 
measured force to cubes until they crack or crush. In sending 
samples to be tested in a laboratory, the cubes should be at least 
three in number, 6" sides, truly ground, and with the " quarry-bed " 
marked. The name of the quarry should be given if possible, and 
the position of the stone in it. 

The point to be elicited by the test is the strength the stone 
will have when built into a wall. Usually there will be between 
one stone and another, under such conditions, a cushion of mortar. 
In testing, therefore, a cushion of some wood, such as Dantzic fir, is 
usually placed between the stone and the applied force. 

The form of fracture in a small cube is usually as shown in 
^W' 39, the fragments being more or less pyra- 
Diidal. Some shearing force undoubtedly comes 
into play, and if the laminations of the bed are 
"^sry pronounced, fracture will probably more 
or less coincide with them. 

If the test specimen is dressed by chisel and 
mallet the concussion affects the internal con- 
ditions, especially with test specimens of small ^^9- ^^^ 
<^niensions. 

The test specimens are placed either with timber or mill-board 
J^tween them and the application of the crushing pressure. If lead 
18 used on the face where that pressure is applied there is a consider- 
able reduction of strength — a fact which is both interesting and of 
practical importance. 

The following table has been compiled from various sources, show- 
ing the comparative strength of cubes of various stones. It is use- 
ful for comparative purposes only, because in a masonry structure 
fte strength depends upon many other factors besides the strength 
of the stone. The nature of the mortar, the workmanship, the class 
of work (rubble or ashlar) and various other influences affect the 
strength of the masonry : — 




CruKhiitff SIrmitfih nf Ciilm of Sd/iie in Tons per square inch, a 
frttm vnrioiis rer-enl Avihorities. 



Bnglieli 



LimeBtone, rierman 

„ Amerii^ati 

Portland 

Bath ... 



Prof. Unwin. 
Kirkalrty. 
Prof. Buker. 
Prof. BttiiBuhinger, 

Kirkaldy (for Bombov P. W.D.I— <n- 

Kirkaldy. 

Uuwin. 

BBViacrhinger, 

Itoyal ConiiniBsioneri 

Prof. Baker. 

KirUttldy. 
Prof. Baker. 
Prof. Bausohinger. 

Prof. BauBchinger, 
Prof. Baker. 
Prof. Unwin. 
Koyal ConiniiBBLonert 
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The following table gives the ultimate average crushing load ii^* 
masonry structui'es : — ^k 

Table III. '^ 

Crimliiiuj Lmid in Tons psr Square Fool on Various Classes iif Masonry^ 



L 



IleacripOoD. 


Authority. 










HanklDC. 


Tnutwine. 


. 


("Jraiiite 


740 




* 


Basalt 


760 






Limestone, marble 


3S8 


625 


SI. 1 , p„, ajier 


any ashlar .. 


NQ. 


Nil. 


^"''•"^i&fsi 


Sandstone, strong 

ordinary 
Bubble, masonry 


368 

256 


200 


^'j; here at Mb. 
lC10toi50'''™^K'~^- 


Squared Mtoue (block-in 








°°"™* 


.TO. 


Nil. 


ISOtoSOO, 



29 

Of the above Professor Baker's are based upon many practical 
examples. Provided the masonry is the best of its class, his results 
may be taken as a good practical guide. 

Professor Kankine states as follows: — "The resistance of strong 
sandstone to crushing in a direction parallel to the layers is only ^ 
of the resistance at right angles to the layers." 

As stones generally begin to crack at about one-half of their crush- 
ing loads, neither stone nor bi-ickwork should be trusted with more 
than Jth to ^^^th of their crushing loud. As a matter of fact, the 
greatest pressure on any structure known is about 30 tons per square 
foot. It cannot, however, be argued that it is unnecessary to investi- 
gate the strength of stone, on the ground that its lowest strength, 
as shown from Table III., is in excess of the greatest load ever 
brought upon it, because **it is quite impossible in any actual 
stnicture to secure a simple condition of crushing stress. Settle- 
ment, imperfect bedding, unequal compressibility of different blocks 
and other causes introduce unforeseen and incalculable straining 
actions."* 

Trans-verse Strength of Stone, 

The cases where stone has to bear pure tension are rare, but it is 
frequently called upon to resist transverse stress, as in lintels, flags 
over culverts, etc. In this case the value of r, the Modulus of 
Rupture, i.e., the stress per square inch on the extreme layer which 
^U produce rupture, is shown in the following table : — 



Table IV. 

f^due of r, i.e., Stress on. Extreme Layer in lbs. per Square Inch in. 

Stones subjected to Transverse Load, 



Material. 


Value of r. 

1 


Authority. 


Caithness flags 


2,540 


Kirkaldy. 


"Bluestone " do 


2,700 


Baker. 


Garble, Carrara 


1,900 


Kirkaldy. 


^. » American 


2,160 


Baker. 


Slate ... 

oandstone, American 


5,400 
1,260 




» German 


2,180 to 625 


Bauschinger. 


I^estone, American 


1,500 


Baker. 


,, German 


3,900 to 1,400 


Bau8(}hinger. 



* Professor Unwiii. 
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The practice of not allowing much weight to come on lintels is a very 
sound one. A lintel of stone is a weak form of spanning an opening. 

Skearing, 

The shearing strength of stone is of value in connection with 
<jorbels, etc. The only information obtainable on this subject is from 
Prof. Bauschinger, who gives the following : — 

(1). Granites 100 tons to 34 tons per square foot, say 1,560 to 
530 lbs. per square inch. 

(2). Limestones 64 tons to 40 tons per square foot, or 1,000 to 
625 lbs. per square inch. 

(3). Sandstones 68 tons to 12 tons per square foot, or 1,060 to 
312 lbs. per square inch. 

The shearing in these cases is perpendicular to the bed of the 
stone. Parallel to the bed it is less, as a rule, but not much less. 

Elasticity. 

The elasticity of stone is extremely difficult to ascertain. It also 
varies in various specimens of the same kind of stone, and even fro 
the same quarry. The subject is of considerable importance in con 
nection with many practical operations, e.g.^ the effect of shock o 
masonry piers and abutments, of joining new masonry and old, etc. 

The following table gives dat^a obtained from the researches o 
Professor Bauschinger and those of Professor Baker. 

Table V. 
Modulus of Elasticity of Various Stones in lbs. per Square Inch. 



Material. 


Value of 
Modulus. 


Authority. 


Granite, German, average 


3,000,000 


Prof. Bauschinger. 


,, American 


9,000,000 


Prof. Baker. 


Slate 


7,000,000 


Tredgold, quoted by Baker. 


Sandstone, German 


2,300,000 


Prof. Bauschinger. 


Limestone, Portland 


1,530,000 


Prof. Baker. 


Marble 


2,500,000 


>> 



Weight, 

The weight of various classes of stone is a matter about which, 
there is little uncertainty, and this is fortunate, because it is very 
important. 
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The weights and specific gravities of various classes of huilding 
stones, bricks, sand, concrete, etc., are given in Table VI. 



Table VI. 



MateriaL 



Hasalt 

[Bath Stone 

Bricks, hard pressed 



>» 



>i 



common 
soft inferior 

Brickwork, clamp burnt 
,, kiln 

Oement, Portland, good 

Oranite 

Greenstone trap . . . 

Hornblende 



• • ■ 



Limestone (compact) 

Masonry of granite or limestone, well dressed 



good rubble in mortar ... . 

• • VLX y •«• ■■■ >•• 

sandstone 

Mortar (hydraulic lime), 1 to 4 or 1 to 9. 
{^.Uincl 



»» 



>5 



>» 



Sandstone 
Serpentine 



• • • • • • 



I • • • • • 



Sneciflc Average W eight 
oE^tv I of 1 cubic foot 



2-9 


181 


21 


131 




150 




125 




100 




112 




130 


3 


92 to 100 


2-72 


170 


3 


187 


3-25 


203 


2-7 


168 



1-65 



165 



154 
138 
120 
103 



90 to 106 



2-41 



2-6 



151 
162 



Expansion and Contraction Due to Changes of Temperature. 

This subject has not received the attention it deserves. It is 
unquestionably a matter of importance, however ; failures have 
occurred in large masses of masonry due to this cause. 
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The following extract from a report by Lieutenant (now Major- 
General) J. C. Ardagh, R.E., on revetments at Newhaven is almost 
the only information on the subject : — 

Table VIL* 

Co-efficients of Linear Dilatation in Various Substances for a Change of 

Temperature of 180° F, 



Brickwork 



• • • » • ■ 



■ • ■ • • • 



Portland cement . . . 
Cement mortar, 2 to 1 

,, concrete 
Limestone (compact) 

Marble 

Granite 



' • • • < 



I ■ • • • * 



••• ••• ••• ••■ 



• •• •■• at* 



■ • • • • • 



• • • • • • 



I* ••■ ••• ••■ 



^ /ACwVw ••• ••• a • t •■■ •■• ••• •■• ••• 




Note. — A fall of tempera- 
ture of 10** will shorten a 
stone wall 100' long by ^". 



Absorption of Water. 

From experiments made by Professor Unwin, the amount of water 
absorbed by various classes of stone was on an average as follows : — 

Granites about 0*75 per cent, slate 0*28, sandstones from 10*10 
to 3-43, and limestones from 12*75 (Bath) to 5*23 (Portland). 

The resistance to frost can bo inferred from the porosity. 

(2). Bricks. 

At meetings of the Royal Institution of British Architects in 
iMarch and December, 1896, interesting papers were read by 
Professor Unwin and various other gentlemen reporting results of 
experiments on the ordinary building bricks used in London under 
crushing loads. The experiments were on piers 6' high and 18" 
square, two of each kind of brick, one being built in lime mortar 
(I to 2), the other in cement (1 to 4). The following was the 
result : — 

* That expansion and contraction, due to changes in temperature, produce 
the most gigantic stresses on a structure is proved by the observations at the 
great Vyrnwy Dam in Wales. Here the effect of the sun's heat, even in our 
temperate clnnate, is to bend the whole dam perceptibly, causing greater 
strains than all other causes put together. 



Table VIII. 
Cmshing Besislanee oJ_ Bnckieork in Tons per Square Foot. 





Mortar. 


c™™t. 




Damiptionot Brick. 


B^to 


ColUpwd. 


fail. 


CollajHBd. 


liomlon Btooka 


418 


10-41 


7-22 


16-03 


84-27 


Gaull 


5 


21-82 


6-98 


17-98 


182-2 




616 


22-03 


7-OS 


17-51 


- 


LeitertecRed 


15-20 


29-93 


17-87 


67-36 


382-1 


M „ 


1611 


31-55 


21-82 


49-54 


- 


SUffordahi™ Blue 


22-43 


69-22 


29-45 


84-47 


701-1 




21-42 


79-39 


16-91 


6.14 


- 



The above give the r&'iults at the end of three months. 

An e>:ainination of the above table shows the important practical 
iMt that the tests of materials taken by themselves do not vary in 
the same ratio as structures built of these materials. A pier of 
Slaffordshire bricks built in Portland cement moi'tar is sti-onger 
"im the same pier built in Leicester red bricks, and the same mortar 
IB the proportion of 701 to 382, and the disproportion is still more 
"wiahie when the mortar varies. A second series of experiments 
■M tested after 10 months. Stock bricks in mortar commenced to 
Mats tons per square foot and fell at 10-4 tons. Those in cement 
cracked at between 7 and 8 tons and collapsed at 14-34 tons. 
"Silt hricks in mortar began to crack at 10-47 tons, crushed at 
33'n tons, and suddenly burst to pieces at 48-10 tons. Gault in 
Knent began to crack at 21-39 tons, crushed at 41-16, collapsed at 
Sl'OJ. Leicester reds in mortar cracked at 29-28, failed at 86-39. 
Staffordshire in mortar 74'3. In cement 53-23 cracked ; failed at 
108'25. Leicester in dry sand failed at 15. The results were 
afiected by form of piers — a half brick under crushing being 18J 
P«r cent, weaker than a whole brick. Professor Unwin considers 
"iifferBnces of results were due to the varying kinds of sand used in 
aortar. Frogs in bricks diminish their resistance to crushing. 
Hence we see that for practical purposes the testing of materials 
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by themselves give us only approximate, though, of course, by no 
means unimportant, imformation. 

The following experiments made at Watertown Arsenal, Massa- 
chusetts, are reported by Professor Baker. The piers on which the 
experiments were made were 12" square, from 1' 4" to 10' high, the 
mortar was 14 J months old, and the strength of the brick in itself 
about 15,000 lbs. per square inch, or nearly 970 tons per square foot. 

Table IX. 

Strength of Brick Masonry in lbs. per Square Inch compared with 
that of the Brick by itself and of the Mortar, 



Composition of Mortar. 


No. of 
Experi- 
ments. 


Ultimate 

Strength 

of Pier. 


Ptrenffth 
of Mortar 
0" Cubes 
Crushed 


Strength of Pier in 

Terms of Strength 

of the Brick. 


Strength 
of Pier 
InTeniw 
of 




Min. 


Max. 


Mean. 


Strength 
of Mortar. 


1 lime, 3 sand 


15 


L508 


124 


•06 


•18 


•10 


12 


2 mortar (1 lime, 3 sand) 
1 Kosendale cement . . . 


1 


1,646 

1 


183 




— 


•11 


9 


2 mortar, 1 Portland 


1 


1,411 


192 






•09 


7 


cementi 
















1 Rosendale cement, 2 
sancL ... ... ... ... 


1 


1,972 


162 


— 


— 


•13 


1-3 


1 Portland cement, 2 

oCvXlU. ••• ••« ■•• ••• 


8 


2,544 


545 


•10 


•27 


•17 


4. T 


Clear Rosendale 






521 


— 


' 


— 


Clear Portland cement. . . 


1 


2,.375 


3,483 


— 


— -16 

1 


0-7 



The piers began to show cracks at one-half to two-thirds tb^^^ 
ultimate strength. 

From this and similar experiments Professor Baker concludes tb^^ 
" the strength of brick masonry is mainly dependent upon tb^ 
strength of the mortar." He further states " reasonably good bri<5^ 
laid in good lime mortar should be safe under a pressure of 20 tons 
per square foot, and the best brick in good Portland cement mort^ 
should be safe under 30 tons per square foot." 

Transverse Strength, 

Brick masonry is sometimes exposed to transverse stress, as in tb^ 
case of walls exposed to the overturning action of the wind. Tb^ 
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itraigtb thaoretically depends on the adhesion of the mortar to the 
brick, »nd on the cohesion of the particles of mortar together; 
jKK^cally, however, the former is the determining factor. Thie 
will be discussed later when dealing with the strength of mortars. 
As regards shearing there are no satisfactory testa. 



Bricks are very absorbent, but vary in i 
Steffordahiro blue bricks absorb from 2 to 6 per cent., while Malms 
»b»rb about 20 per cent., and common stocks, etc., occupy an 
intennediate place, absorbing about 8 to 12 per cent. 

flaice the great importance of having them wet during building, 
Mpecially with cement mortar, an importance which increases with 
lie dryness of the climate. 

Expansion and Gonkadton. 

Tk coefficients of linear dilatation for brickwork are about "0005 
for a change of temperature of 100° F. 

(3). Mortar. 
Intimately connected with brickwork am the properties of 
norlar. Here the field of investigation has been as extensive as 
'be experiments in finished masonry have been meagre. Here 
*o*iii the experiments have tended rather in the direction of ascer- 
'*ining the properties of material — lime or cement — which forms 
fe basis of the mortar than of the actual compound itself as 
"Md in works. 

Il would appear therefore better in specifying tests for a 
perticnlar lime or cement to lay down such tests as will exhibit the 
'■ebwiour of the article when in combination with the sand, etc., 
•hich it is proposed to use with it in actual construction. For it ia 
obnously of little use to have a cement of the best quality with 
Efoat tensile strength, if the sand it is used with is of an inferior 
^ription. A test of a cement by itself is no doubt useful in 
"Htiifesting the quality of the article itself, but it tells us nothing 
on which we can base any reliance as to the material as a component 
psrt of a structure. Again, it must be remembered that a cement 
wWeh is strongest neat is not always strongest when mixed with 
Band. 

Quality of Sand. 
Experiments have proved beyond a doubt that newly crushed 
rock gives better results than the best natural sand. In French 
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I teats of mortar, a standard sand is obtained by cruabing quaitzite; 
a Germany, specially washed and sifted sand ta prepared and sold 
n Government laboratories. The sand should pass through a mesh 
of 400 and be rejected by a mesb of 900 to the square inch. In 
the al'sence of crushed rock, sharp pit sand carefully washed and 
sifted should bo used for testing. 

Lime venue Cement Mortar. 
Lime mortar is more plastic, more easy to wotk, often cheaper, 
and therefore pro taaio better than cement. On the other baud, 
cement is usually stronger, and is more homogeneous (being an 
artificially manufactured compound) than natural lime. With care 
in manipulation hydraulic lime may often be applied in such a way 
that the strength of the resulting mortar falls little below that 
made from good Portland cement and the same proportion of sand. 
This has been conclusively proved by an exhaustive series of 
experiments made by Mr. G. F. Deacon, M.Inst.C.E. It would 
. appear, therefore, that in the future greater attention will be paid to 
the proper manipulation of hydraidic lime mortars in masonry, 
rather than trusting implicitly to the more expensive Portland 
- ceraent. 

Compressive Strength of Mortar. 
The following table gives some of the results obtained by various 
engineers of the compressive and tensile strength of mortar in Iba. 
per square inch: — 
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Table X. 



Strength of Mortars in lbs, per Square Inch, 



Description. 


Com- 
pres- 
sion. 


Tension. 


Age. 


Authority. 


Hydraulic lime, 1 to 
1^ Rand*. 


774 


Nil, 


6 to 11 months 


Mr. W. J. B. Gierke. 


>> 


982 


f, 


12 to 23 „ 


>» 


>» 


1,461 „ 


Above 23 months 


>i 


Hydraulic lime (blue 

lias), 1 to 2j^ sand*, 

^ slaked imd pounded 


1,774 


161 


After 6 months 


Mr. G. F. Deacon. 


>> 


2,892 


320 


„ 12 „ 


>» 


Hydraidic (blue lias) 
lime, 1 to 3j^ sand, 
ground & pounded 


635 


103 


2 months 


»» 


>> 


2,660 


245 


6 „ 


,» 


Portland cement, 1 
to 3 sand. 


NU, 


f 80) 
1125/ 


1 week 


Committee American 
Society C.E. 


>> 

>> 


99 


rioo) 
U'ooj 

J 200) 
\350J 


4 „ 
1 year 




>» 

/ 


2,270 


227 


28 days 


Baker (from German 
specification). 


»» 


Kit, 


95 


1 week 


Trautwine. 


>» 




130 
198 
257 
69lt 


1 month 
6 months 
1 year 
9 years 


», 

,» 
Average of 6 bri- 
quettes tested by 
the writer. 



* Hydrate of lime, i.e., after slaking. 

+ The remarkable results here obtained were corroborated by a series of 
independent tests on briquettes made at the same time and under similar 
oonditions. 



A cuution, however, is necessary. The strength of the lim^^ 
I mortar iibove quoted from Mr. Deacon's experiments was the result:^ 
of exceptionally careful treatment. Ordinary lime mortar miy 
give very poor results if treateil in the way it usually is. Mr_ 
Bumell gives only Hlba. per square inch in tension and 42 lbs. iim 
compression for ordinary mortar; German engineers allow I-2ft 
kilogrammes per square centimetre, i.e., 19 lbs. per square incb_ 
Even with Portland cement, the quality and purity, the size andL 
texture of the surface of the sand grains will very largely affect tb^ 

These uncertainties only point to the conclusion that in any givei« 
case the engineer should test his material in the condition in wbicli 
t is propo.?ed actually to use it. 

Adhesion nf Mortar. 

Experiments have shown that on good ordinary briolts a mortal" 
I of Portland ccmeut and sand {1 to 2) has in 38 days an adheaiocm. 
of 15 to 30 lbs. to tiie square inch. On glazed surfaces such as 
Stjtffordshii-B blue bricks, or tiles, etc., the cement mortar ha& 
comparatively feeble adhesioiL Mr. Mann baa stated {Proceedingt^ 
Institution nf C.E., Vol. LXXI.) that Portland cement in 28 days has 
an adhesion of 80 lbs. with slate, (50 Iba. with Portland stone, anJ 
97 lbs. with granite chiaelied. Mr. Mann found that the adhesivo 
strength was from ii to ^ the tensile strength. In expeiiments 
made by Professor Bohme at Berlin it was found that the adhesion 
of mortar (1 cement to 3 or 4 sand} to common bricks was -^ of 
the tiensile strength. Wfien the cement was neat or mixed with 
less sand the udhesion was J to J the tensile strength. 

In France experiments have been made by M. Felix de Walguo 
on bricks of varioiis kinds, and with various classes of mortar. Hie 
results arc shown on Table XI. Each experiment was repeated four 
times, and from the mean of the results the figures in the table are 
obtained. The hard smooth machine-made bricks give much better 
flsulta than the ciamp-burut bricks, a fact which is contrary to 
usual ideas. 
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From these data it ia evident that in estimating the ti'ansvers 
strength of brickwork we have to consider the adhesive strength, a. 
that is undoubtedly the weakest link in the chain. This adhesion 
will be usually greater with a rough surface such as chiselled 
granite than with a smooth glazed brick, and hence, for any raaaonry 
where transverse strength cornea into play, the lattei- should be. 
avoided. The examination of fractured work almost invariablif 
points to the fact that failure has occurred in adhesion. 

(4). Concrete. 

The same principles which apply to the strength of mortar appl 
with e\'en greater force to concrete. Variable as the differer 
qualities of mortar are, they vary even less than the differences i 
concrete. Hei-e more than in any other work is supervision axi 
care in manipulation necessary. The result in its resistance i 
crushing or cross breaking is enormously affected by the quality * 
the irgrodieuts, and the manipulation. 

One or two broad prineiplea will, however, be evident from it 
foregoing. One is that the surface of the material forming tl 
aggregate should invariably be rough, so as to secure the greato 
adhesive strength. Concrete made with rounded pebbles, therefot 
should not be used for any work where any reliance has to 1 
placed on its strength. 

Again, to secure the greatest possible adhesion the interatic* 
should be completely filled with cemontitious matter. Hence tl 
concrete should be made, not deluged with quantities of wate 
after the common slovenly faahioii, but with just the le» 
amount of water necessary to produce chemical action of tl 
cement, and then rammed as tightly as possible. The settir 
action of the cement will probably not begin till the ramming 
well finished. 

Concrete weighs 130 to 160 lbs. per cubic foot dry. If rammfc' 
concrete wili take 16 — 20 per cent, more aggregate than unramnie' 
It is therefore more expensive, which is, of course, one reason wb 
c<)ntractors prefer to put in the slush which too often goes by ti 
name of concrete. 

As far as compressive strength of concrete is concerned, tl 
following summary of results of Portland cement concrete cubt 
made by Mr. G. F. Deacon in the construction of the Vyrnivy Dai 
will be useful :^ 



ge of block in montha. 
32 —36 


Strength 


n tons per square foot 
Over 180 


28i— 29J 
17 — 25| 




„ 162 
„ 159 



Ml-. Trautwine givea for Portland cement concrete (1 to 5) — 
12 months. 100 tons meiin. 



The following table givea further information regaitling the com- 
pressive strength of concrete after about a year : — 



Table XII. 

Camprekensive Strength of Concede in Tons per Square Foot. 
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Transverse Strength. 

Tk following table gives the transverse strength of various con- 
•""s beams as proved by experiment :— 
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The strength and elasticity of timber are much more variable than 
similar properties in any other material used by the engineer. They are 
affected by soil, climate, seasoning and various other circumstances. 
Hence irregularities in the same class of timber, and even in scant- 
lings cut from various parts of the same log, must be expected. A 
iew of these variations have, however, been ascertained by experi- 
ment, and are here noted. 

(1). Timber felled in winter has greater compressive and tensile 
strength than that which is felled in summer (northern latitudes). 

(2). " Pieces cut near the heart of the tree are much weaker than 
pieces cut near the periphery " (Unwin). 

(3). Timber which is thoroughly seasoned is stronger than green 
wooi Structures, however, should be designed for the strength of 
green timber. 
(4). Of all defects in timber, knots are the most serious in diminish- 

• 

i»g strength, even if those knots are tight. The old idea that 
sound and tight knots are not injurious to timber in com- 
pression has been proved to be quite a fallacy. 

(5). Top logs are not so strong as butt logs, provided the latter 
have sound timber. 

(6). The coefficient of elasticity varies with the strength and the 
density. 

Compressive Strength, 

Tests of the crushing strength of timber are much less difficult 
than tensile tests. They also " vary less for one species of timber 
tihan any other kind; hence if only one kind of test be made, it would 
^em that a compressive test will furnish the most reliable compara- 
tive results."* 

Of various published experiments those of Professor Lanza, of 
the Massachusetts Institute of Technology, appear to be the most 
exhaustive.! A few of his conclusions are here quoted. 

(1). Wooden columns should not be tapered, and should be 
square rather than round. (The case of endogenous timber is, of 
course, not considered). 

(2). As wood is very weak to resist crushing across the grain, 
iron caps should be used for pillars in preference to wooden capping 
pieces. 



Committee appointed by the American International Association of Rail- 
"^*y Superintendents of Bridges and Buildings in 1895. 
t Lanza's Applied Mechanics, pp. 498 et seq. 
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Gnat diScnhf has bera eiperieiiced In makiog sati^faetorf 
tensile tests t»f dmlwr, becai^e Eitilare generally oceiirs by the abw- 
ing of the wood along the grain. Hence it b constdered that whure 
" timber is used as a tie bar in conscmetion it will give way by some 
means other than direct tension," osiuUt by some failure of the 
fusteiungs. The conclusion we arrive at. therefore, is that while the 
parts of a timber structure which htLve to bear cnishing, croes- 
breaking and shearing, should be calculated, the die of the memben 
subject to pure tension should rather be estimated from considera- 
tion of the Irast scantling necessary to give secure joints and fasten- 
ings, rather than from the tensile resistance of the solid |»ece. ^^ 

Trtiniterse Slifn^fih of Timbtr. ^^| 

The value of the "Modulus of Rupture" or ultimate resistaltC 
per square inch exerted by the extreme fibres of a beam und^ 
transverse stress is much l&ss {in timber), according to all expe^ 
ments on the subject, tbun the resistance to pure tension. This ' 
important, for it proves that although a timber may have a ten!'' 
resistance against a direct pull of, say, 10,000 lbs. per sqnure inch> 
may fail by croes breaking, i.e,, the extreme fibres subjected 
tensile stress will tear apart, when the resistance per square incti 

• Tliis Bubjeut will be furlLcr examinad in Chapter IX. 



possibly only 5,000. This fact, proved frequently by experiment, 
shows that it is unsafe to base calculations for transverse strength 
on the results of pure tensile experiments. 

Again, it has been proved that experiments made on large timbers, 
say 12" X 12" scantling, give results of intensity far below those of 
small timbers. Professor Warren recommends that 25 per cent, 
should be deducted from the intensity of resistance to transverse 
load in the case of timbers 12" x 12". Mr. Trautwine suggests that 
the reduction should be J to J. 
For values of transverse strength see Table XIV below. 

Shearing Strength, 

Timber is much weaker to resist shearing parallel to the fibres 
than it is across the grain ; and inasmuch as the horizontal shearing 
force in a beam subject to transverse load is equal to the vertical 
shearing force (as will be subsequently pointed out) failure will 
in such cases occur along the fibres, if it occur at all. The data for 
the shearing resistance of timbers are unfortunately meagre, yet the 
subject is one of too great importance to be ignored. 

"Hard" woods are much stronger against shearing than soft or 
coniferous woods. 

Endogenous Trees. 

In very few textbooks do we find results of experiments on 
endogenous trees such as palms, bamboos, and canes. Every 
engineer who has had to carry out work in tropical countries knows 
how useful such trees are, and although from the nature of their 
structure it is not possible to cut them into rectangular scantlings, 
yet as logs they are often capable of being used even in permanent 
^ork. As the layers increase in density from the centre to the 
circumference, the timber is well adapted for use in columns and 
piles. It is deficient in rigidity, however, although light and 
strong. 

In British Guiana palm logs are used for bullet-proof stock- 



At Suakin, where palm wood was largely used in the construction 
of military buildings, it was found that the timber was less inflam- 
^hle than exogenous wood. 

^ the other hand, endogenous trees are in certain situations 
Baore liable than others to decay and to the attacks of insects. 



Experimmts on Timber.* 

It 13 frequently necessary for engineers in outHDf-tho-way parts of 
the world to experiment on the timber which they have to use. 
The following points should be attemlod to and recorded:- — 

(1). TJie age of the tree, as far as can be ascertained, 

(2). The locality of growth, the geological nature of the eoil, and 
the aspect. 

(3), The part of the tree, whether heart wood or sap wood, butt 
wood or top wood. 

(4). Length of time seasoned, and piocess, if any, of soasoning. 

(5). The deflection of the test piece as well as its breaking weiglit, 
scantling, span and method of fixing. 

(6), The exact botanical nomenclature. This ia most important, 
and is unfortunately often neglected. 

Even with very rough apparatus it is possible to add materially 
to the sum of scientific knowledge, which in this particular reapeet 
is still very slight.! 

To use the botanical names may appear pedantic, but it is necea — 
sary, to avoid the indefiniteness which follows the use of local terma^^ 
If allowed to find a place in a specification these may lead to diapate^ 
and waste of time and money. In a matter where so much is stWiTi 
vague we should at least try and be as accurate as possible. 

The following table gives a few results of experiments on timb^^-^ 
of various sorts. It may be mentioned that tropical countries app^asr 
to produce the strongest woods, many of which are as yet bnt lit-x/e 
known to commerce or science. There is evidently, therefore, e 
a vast field for scientific research : — 



i 



* In lulditioQ to eitperiments on single pieces, the behaviour o{ tani'*"'' 
truBBOs may be experimented on. Experiments of this deBcriptiou al* ^"'^ 
being carried ovib at Chatham (1897}. ■ihUbb 

+ Vide a paper hy Mr. F. A. Campbell in itinui&i oj Proceedings, ftwWW™ 
ofC.B., Vol. XCII.,p. 413. 
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In the preparation of this table (which is admittedly most incom- 
plete), the followiDg authoritieB have been conBulted : — 

(1). For European timbers, Mr. Tredgold, Professor Unwin, and 
General Percy Smith. 

(2). For American timbers, Professor Lanza and Mr. Trautwine. 
The great difficulty here has been that these authorities use only 
local and not scientific names. This leads to confusion ; for instance, 
what is called " yellow pine " in Europe is not known by that name 
m America, their "yellow pine" being a totally different tree. 

(3). For Indian timbers, the Eoorkee treatise and the Military 
Works Handbook. In the latter the factors of safety used appear 
to be very high. 

(4). For Australian timbers, Professor Warren. 

(5). For West Indian timbers. Professor Unwin, and reports from 
C.R.E.'s of foreign stations. The latter, however, gi\-e scanty 
information of the nature here needed. 

The compressive strength is supposed to be on " short bars," i.e., 
those that will not give way by lateral buckling. 

For the European builder, of course, the red fir (pimis sylvestris) 
is the most important, and for the Indian engineer the deodar, chir, 
sal and teak. 

Ironbark is the strongest timber so far known. There ai'e, 
however, certain timbers in tropical forests in Borneo, Madagascar 
and Central America which may be as strong, but have never been 
subject to careful investigation. 

The following table gives the results of the investigation of the 
American Railway Committee of 1895 above referred to. Its value 
is, unfortunately, impaired by local nomenclature ; — 
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C— Iron avd Stekl. 

When we pass from timber to consider the properties of irtfW 
Bteel we leave the region of iincartainty to enter that of very fairlj' 
accurate knowledge. Improvements in manufacture, in chemtcii 
knowledge, and in testing appai'atus have contributed to make this 
subject, of all those with which an engineer has to deal, the leait 
involved in uncertainty. 

Cast Iron. 

Formerly cast iron uBod to be ranch more largely iised in atructura 
n it is now. It is well adapted for compression niemhers, whew 
) chance of failure occurring through lateral bending, or 
buckling, or where there is no necossity to make joints with other 
For pillars or columns of moderate length, therefore, it 
is suitable, but not for beams or girders under transverse stress. It 
has Bovei'al very serious defects : it is liable to hidden flaws, which 
diminish its streiigth, it is brittle, it is wanting in ductility, itd 
therefore gives no warning of failure. In addition to these draw- 
backs, which are serious enough in themselves, there are initiit 
a developed frequently in the processes of casting and cooling, 
due at times to defective arrangements in the foundry, or it may be 
to the shape of the casting, or the presence in it of iron of different 
qualities. 

Cast iron has been largely used for arched ribs in bridges, butM 
a material for bridge construction it is not to be rccommetiiled. A ' 
notable warning against its use in this respect was the case of 
Rochester bridge, which, built of arched oast-iron ribs, was seriously 
damaged and rendered almost impassable in February, 1896, by a 
blow from a barge passing underneath. A failure such as this t* 
sufficient to condemn the material, for any bridge may be called 
upon to stand blows suddenly applied. Of course, where ornamfflt 
is desired more than strength, its uses are many. 

The idtimate tonsilo strength of caat iron, as given by Professor 
Unwin, varies from 153 to 6-83 tons per square inch. Mr. Kirkaldy- 
givos from 13'4 to o'6 tons per square inch. Ten tons may bo taken!i 
as an average. I 

The ultimate compressive strength varies, according to the easoti' 
authorities, from 95 to aboLit 20 tons, the average being about 4(j' 
tons where the height is to the width as 1 is to 2. 

The coefficient of bending strength ia on an average about 18 tons' 
per square inch. This test, being easily applied, is very generally 
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adopted in practice to test the quality of the iron. Square bars of 

some specified cross section are cast, placed on supports, and loaded 

at the centre. The proportions of the section affect the coefficient, 

and for bars of the same proportions the coefficient is lower as the 

section is larger. A wide bar gives, generally, a higher, and a 

deep bar a lower, coefficient. For the ordinary test bar 3 feet span, 

2 inches deep and 1 inch wide, good iron ought to carry 30 cwts. 

Another test commonly specified is that bars 1 inch square, placed 

on supports 4' 6" apart, shall bear a central load of 550 lbs. 

The shearing strength of cast iron is about 5 tons per square inch. 

It is important in the case of cast-iron columns, pipes, or other 

similar structures, to specify that they shall be cast vertically. 

Wrought Iron, 

In wrought iron or steel the determination of the elasticity is of 
great importance, because one of the advantages of this material is 
that it will stretch a good deal before giving way if of a soft or 
ductile quality, but will not stretch much if hard, though having, it 
inay be, great tensile strength. The determination of the yield 
point of the metal (i.e., that point where there occurs "a large and 
^ost sudden increase of deformation "* in the application of the 
ordinary tensile test) is a matter of much importance. Beyond the 
yield point the deformation is plastic, below that point the material 
tends to regain its original form. "It is obvious that a general 
plastic yielding of a structure would ruin it for practical purposes, 
hence the yield point seems to fix a limit of stress independent of 
that determined from considerations of safety against fracture, which 
the working stress should not exceed." This yield point is easily 
determined in testing machines, and by means of autographic 
apparatus may be recorded. In almost all tables what is given as 
the elastic limit is the yield point, but the two are not identical. 

When a bar or test piece is subjected to tensile stress, the cross 
section of the piece is at first constant, but when it approaches 
fracture, there is considerable diminution of the section near the 
point of rupture, with local extension at that point. The contraction 
of area of the fractured section should be noted, as well as the load 
producing rupture, and the elongation in a certain length. As the 
section is diminishing all through the test, it is evident that the real 
ultimate intensity of stress is greater than the nominal stress. If 

* Professor Unwin. 



I 



10 is the sectioQ wBen the length is I Etnd w„ the section when tbs 
length is / + f, t'iiQnwl=it\{l + l'), and the correaponding real stress at 

the section is pj = *- . 

The ieitsUe strength of wrought iron is, on an average, about 
24 tons per square inch. The yield point is at ahout 15 or IG toae. 

The effect of drawing out iron in the form of wire is to increase 
very largely its tensile strength. If, however, the wire be annealed, 
this tensile strength is reduced, but this is more the case witli steel 
i than iron. Annealing is gaid to have a beneficial efiect in tlie 
i of iron that has suffered fatigue. The tenacity of iron wire, 
unannealed, is from 35 to 40 tons per square inch. 

The com^ressii;e Etrength of wrought iron is from 16 to 20 tons per 
square inch. It begins to yield at about 12 tons. 

The sliearing strength o£ wrought iron is from 17 to 23 tons, 
e about 20 tons. 

The coefficient of linear expansion for 1° F. is ■0000064. 

The modulus of elasticity is, on an average, 29,000,000 Iba. per 
square inch, or 13,000 tons. 

Sleel. 

The milder forma of steel now used for structures differ but Kttle 
from wrought iron, but the average strength of steel is mucli greater 
than that of iron, and the cost is not now much greater. The steel 
that ia suitable for bridges, roofs, girders, etc., is that which givM 
tensUe resistance of from 24 to 40 tons par square inch with elongii- 
tion of about 20 per cent, and about 30 per cent, contraction of area. 
The elongations are measured, usually, on lengtlia of 8 inches, whici 
is a convenient standard for comparison with foreign results, whe« 
the usual length is generally 200 mm. {TSl inches), and widlh 
30 mm. (1*2 inches). Sometimes a length of 10 inches w adopted 
by Knglish engineei's. 

The Admiralty testa for mild steel plates, bars, etc., are:— Strip* 
cut lengthways or crossways to have an ultimate tensile strength of 
not less than 26 and not more than 32 tons per square inch, witll 
an elongation of 20 per cent, on 8 inches. Strips IJ inches wide, 
heated uniformly to a low cherry red, and cooled in water at 82 F, 
must stand bending in a press to a curve of which the inner radiui 
is 1^ times tlie thickness of the steel tested. 

The steel used in the tension members of the Forth Bridge WM 
specified to have a strength of from 30 to 33 tons, with 20 per cent 
elongation, measured on 8 inches. The Board of Trade working 
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limit for steel in railway bridges is 6 tons in all members, a rule 
which is open to the disadvantage that some members are subject to 
fatigue more than others, and therefore some variation in the strength 
should be made. 

The ultimate strength in tension of the mild steel suitable for con- 
struction may therefore be taken at 30 tons per square inch. 

As regards compressive strength, it has been found that the re- 
sistance to direct thrust is about the same as to tension ; experiments 
niade by Mr. Kirkaldy, however, show that the elastic limit was 
reached at about 16 tons per square inch. For purposes of calcula- 
tion 6 tons may be taken; this will give an amj:>le margin of 
safety. 

The transverse strength of steel has recently also been the subject of 
experiment, made by Mr. Kirkaldy on rolled steel joists. The 
results show great variety and an average modulus of rupture 
higher than the tensile strength, the difference, however, 
not being sufficiently great to justify any higher value 
being taken in practice. It is noteworthy that the variations 
mentioned did not appear to be in any way affected by the 
dimensions of the specimen, and the inference is that they 
were wholly due to variations in the chemical constituents of 
the steel. The joists were manufactured by Messrs. Dorman, 
Long & Co. by the Siemens-Martin process. Mr. Kirkaldy observes, 
With reference to these tests, that it appears unnecessary to use so 
uaild a steel, and that much harder steel can be used with uniformity 
and safety. Messrs. Dorman, Long & Co., in their published section 
Wk, guarantee 28 to 32 tons tensile stress, 20 per cent, elongation 
in a test length of 8 inches; they suggest three different factors of 
safety, viz. — 3, 4, and 5, or 10-6, 8, and 6*4 tons per square inch. 
The first is suggested for permanent dead loads not liable to varia- 
won, the second for ordinary live loads applied gradually, and the 
third for live loads rapidly applied, and for machinery in motion. 

The modulus of elasticity of steel is about 30,000,000 lbs. per 
square inch.' 

The shearing strength of mild steel is approximately equal to f of 
^ tensile strength, say 24 tons per square inch. 

Steel wire is relatively much stronger than steel bars. That used 
for the construction of steel wire ropes has a tensile strength of 
about 90 tons. 

The coefficient of linear expansion in steel is -0000115 for 
1' Centigrade. 
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The following are the tBsta proposed by a committe appointed by 
the American IriBtitutioii of C.E. for considering the subject of teat 
ing iron and steel: — 

For cast iron the committee recorameml the following transrerae 
test : — That a Rpecimen 3 inches by 1 inch section, and 27 inchas 
long, resting flat on dull knife edge supports 34- inches apart with 
an applied concentrated weight of 2,000 lbs., should have a centre 
deflection before breaking of at least 0-3 inch, and indicate a giwd 
quality of grey iron. 

As regards wrought iron, the committee recommend that the yield 
point shoidd be noted, as well aa the contraction at the point of 
rupture. A minimum gauged lengtli of 8 inches is recommended 
for the genei-al practice of testing specimens, with a distance of not 
less than \2 inches between shoulders of the specimen, or between 
the jaws of the testing machine. Under these conditions, however, it 
is understood that the gauged length shall in no case be less than four 
times the greatest diameter of the test piece, and that the raioimniB 
thickness shall he ^ inch ; also that the sectional area of the IM* 
piece shall not be less than ^ square inch. In obtaining the find 
elongation the curves of reduction on each side of the point <» 
fracture should be included in the included length. In testing itM 
recommended that the load be applied continuously, and the rats 
as nearly aa possiljle of 4,000 to 5,000 lbs. per square inch pW 
minute below the yield point, and of 7,000 to 8,000 lbs. abo" 
the yield point. The ordinary bending test should he made rapidlj 
with pressure, rather than with the blows of a hammer, as the resul* 
are more comparable. The nicked bending test is not recommende*^ 
The committee give the following test loads : — For bars, tension rod! 
compression members, angles, or any other shape, the yield poJl 
should be 26,000 lbs., with an ultimate strength of 48,000 ' 
50,000 lbs., the elongation in 8 inches being from 20 per cent. ' 
bars to 12 ]>er cent. Jn compression members, and reduction from - 
per cent, in bars to 16 per cent, iu compression members. For w'* 
plates the above figures would be 26,000 lbs.. 46,000 lbs., S p' 
cent, and 12 per cent, respectively. 

With rolled steel, a quenching test is recommended, by whi* 
a specimen heated to cherry red is to be quenched in water ' 
83° F., and then tested as usual. A mean ultimate reaistao' 
should be specified for each grade of steel, and the ultimate resis 
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ance of the test specimen should not vary more than 4,000 lbs. per 
square inch either way from the resistance specified. The following 
are recommended for the various grades of steel : — 

Ultimate Strength per Square Inch. 

Low steel 60,000 lbs. + or - 4,000. 

Medium do 65,000 lbs. + or - 4,000. 

High do 70,000 lbs. -f or - 4,000. 

Yield point — 55 per cent, of the ultimate resistance of specimen. 

D ^1 *• • o • u rl,500,000. 

rer cent, elongation in 8 inches = < , . ^ 

^ I ultimate. 

Per cent, reduction of area = \ %r- .— '- 

\ ultimate. 

Rivet steel, when heated to a low cherry red and quenched in 
water at 82° F. must bend to close contact without sign of 
fracture. Specimens of low steel, when treated and tested in the 
same manner, must stand bending 180 degrees to a curve whose 
inner radius = the thickness of the specimen without sign of fracture. 
Specimens of medium steel, as cut from bars or plates, and without 
quenching, must stand bending 180 degrees to an inner radius of 1 J 
times the thickness of the specimen without sign of fracture ; while 
those of high steel, also without quenching, must stand bending 180 
degrees to a radius of twice the specimen without sign of fracture. 

In steel castings, the tension test is recommended, with the fol- 
lowing requirements: — Yield point, 35,000, and ultimate strength 
65,000 lbs. per square inch; elongation in 8 inches = 15 percent., 
and contraction = 25 per cent. 

****** 

The following table of the strength of iron and steel is given, as a 
summary of the facts in the foregoing notes : — 
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CHAPTER IV. 



External Influences Tending to Produce Eupture in Beams. 

General Principles. — Cantilever Moments. — Supported Beams, various 
Cases. — Graphic Representations of Moments of Flexure, various 
Cases. — Beams Strained over one or more Supports. — Examples. 

Having discussed the general principles, which apply, more or less, to 
all structural problems, and having investigated the properties of 
the various materials employed, we are now in a position to examine 
how these principles and practical facts should be applied to particular 
cases. 

The case of beams under transverse stress is first 
investigated, because the results of such investigation 
apply to many other structural problems, which will sub- 
sequently be examined. 

Beams under transverse loads, acting at right angles to their 
longitudinal axes, are divided into two classes, viz. : Cantilevers, 
where one end of the beam is fixed, the other being free, and Beams, 
where both ends of the structure are either supported or rigidly 
fixed. 

The method of investigation in both cases is similar. 

The effect of the loads is to produce certain moments, which excite 
in the particles of the beam stresses which produce within the beam 
other moments, tending to resist rupture. The moments which 
tend to cause the beam to break are called Moments of Flexure, 
sometimes bending moments, while the moments produced in the beam 
are called Moments of Resistance. The former are also called active, 
and the latter ^passive. Obviously, for equilibrium, the passive forces 
or moments must be equal to the active at all parts of the structure. 

In this chapter we shall only consider the active or external 
influences on beams and cantilevers. 

The Moment of Flexure at any point in a beam is usually repre- 
sented by the symbol M^ and the maximum Mf by the symbol M^ ; 
the problem then is usually to find the value of the Mf at various 



jKiiiiU hU>iij£ tlio bt'iim, and espocially to find the value and position 

. of Mfr 

I The Mf will vary with the following : — 

I t. The iimnuAf of the load on the beam. 

I 2. The nhnU {if ff/y/yin_7 the loud. 

[ 3. The flact of its applicatioa. 

i,. The ttnglk of the beam. 

&. The mAhmt of Jixing, or .mpporliag, the ends. 

I U t* i»i\lirt>l,v iiule^iKlent of the materitd of the beam, and of the 

I h'lTl ('( 'l* Oi'ftwt section. It is important for beginners to bear these 

tmU ill luiuil, ftV some are apt to suppose tliat the load alone tends 

^1 lu'i'iik » beuin, whereas the load, although important, is only one 

IHU 1^ luvoiut (ttuloi-a which hitvc to bo considered. 

Cunlil frtrs. 
\\y iMitiilttVvn t)>« nile fiv finding the M, at any section is to take 
\ M« tum of A* MtWk^V yivdacttl at tlutt seclion by Ike forces on the 

'Vhtt Mg in * W*ntilevei' wilt always be at the point of fixing. 

OaWI 1,— l>tl*(iJ#*wi*«ieif at the oultr ciid,or at any jioiiit, wi&a 

I Itt ^V> ^^ *'^^ '* * euutilever, bnift into a wall at B, and loaded at 
b A with a single load W. If j- be 

Bwai I the distance of any section CC, 

■'^*"***"" ' '.'y-J'^ W fro™ -A, it is evident that the Mf at 

L|. wlfi *'■** j>oint = Wa:, and the Mf at I 
^^-^ B = W/, or in other words, the M, 

varies directly with the distance ' 
from W. 

The values of the Momenta of 
Flexure at various points may there- 
fore be represented graphically 
by the values of the ordinatea 
drawn from the base «6 of a 
triaogle, of a length representing . 
L'uutilvvei', the perpendicular bd being of a length < 
Lhv M* Thus in Fig. 40 let ab represent thft ■ 
I vlnvMMtl oil any scale of inch-tons, etc., the value 
lU\ni, it w« jwiii ill', the triangle will graphically 
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represent the moments in AB, so that if we wish to know the Mf at 
any point C, we find its corresponding position c on ab, and, drawing 
cc^ parallel to bd, find, from the measurement of that line on the same 
scale of moments as bd, the value of the Mf without calculation. 

In such a simple case as this the graphic method presents no great 
advantage, as compared with direct calculation, but in many cases, 
such as beams with many loads of varying nature, the graphic 
methods of ascertaining the Mf are invaluable, and in any case are 
useful, in that they present to the eye a diagi'am, readily appre- 
hended, of the variations in the moments at difl*erent points. Graphic 
diagrams have other uses, which, however, need not here be described. 

It is well to note that the ordinates in diagrams of Mf represent 
compound expressions, such as inch-tons or foot-pounds, whereas 
the ordinates in some other graphic diagrams represent simple 
expressions, as lbs. or tons. This subject will be alluded to when 
treating of shearing stress diagrams, in due course. 

Case 2. — Cantilever with sevei'ol loads at certain points. 

In Fig. 41 let W^, Wg, Wg be the loads at distances L^, Lg, L3 
from the end of the cantilever. The Mff, at the point of fixing, will 
be the sum of the moments, viz. — W^ x L^ + WgLg + W3L3. The 
Mf at any point CC distant x from B will be found by taking the 
sum of the moments produced at C by the weights between C and A. 





Fig. 41. 

Graphically, the moments can be represented as follows : — 

Let (ib represent the cantilever, draw bd at right angles to ab to 

represent on any scale of moments the moment of W3 at B, then 

produce bd to /, making de equal to the moment of Wg at B, and, 

similarly, ef to represent the moment of W^ at the same point, and 
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on the same scale of momentB, Then if A be a point on ad vertiisD 
below Wj, anil g a point on ek vertically below Wj, the polygon /jii 
will represent the diagram of momenta for the whole beam, and th 
Mf at any point C may he found by drawing B from it, wlid 
corresponds in position with C, to I on the polygon. If the line^ 
be produced to meet ab at (, then I will mark the centre of grariq 
of the weights Wj, W^, W^. 

In this grapliic solution some calculation has to be done, in ordel 
to fix the first ordinates bd, de, and «/. A purely graphic sohitioiiill 
the problem may he arrived at, however, by using a polar diagraM 
If the length ab represent on any convenient scale the length oi tit 
beam, a line z^O may be taken to represent on the same scale mj 
integral number, such a% 10. On the vertical line xx^ lay off on ( 
scale of weights W■^ = xx^, W2 = a:^a^2, W^ — x.^^. Join the polar pcaai 
with X, ^^, j^i %t and from a draw ad parallel to Ox^, meeting tlM 
perpendicular from 6 at d. From the point h in ad, corresponduif 
to the position of Wj, draw he parallel to ozj, and in like mannB' 
draw gf parallel to ox. This construction gives the polygon o 
momenta, and the value of any ordinate can be ascertained b; 
measuring it and applying a scale one-tentli that of the vertiw 
scale adopted. 

For example, let the length of the cantilever be 5 feet, Mid ih) 
weights be 1, 2, and 3 tons placed at the end, and at 2 feet intervJ 
respectively along the length AB. To find the Mf at 2 feet from tit 
point of fixing, Mf=l tonx(60-24) inches + 2 ton8>:(36-34 
inches = 60 inch-tons, Ma =1x60 + 2x36 +3x12 = 1 68 inch-tons. 

Case 3. — Cantilever vAth uniform load (kroughout Us length. 

In this case let w be the load per nnit of length, so that izJ=V 
total weight. The Mf at any point c distant z from the end * 

As the value of this Mf varies with the square of the distance, tb' 
successive moments may be represented by the ordinates of a pat* 
bola, of which the extremity of the cantilever is the vertex. MilC 
hd, therefore, in Fig. 42 on any scale of moments, equal to —- =-— - 

i.e., the M^ where a! is a maximum = i. From d draw a parabw 
passing through d and touching ah at a. The Mf at any point ca* 
be found by measiiring the corresponding ordinate to the curve, i 
tangent to the curve at d will mark the position of the e.g. at t. 

If the cantilever be loaded only partially with a distributed loan 
as in Fig. 43, the simplest method is to consider the load as collecte* 
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at its eg. and lay off the Mff bd as for a single load W at c. The 

ordinate ee' will then = — . Draw the parabolic curve e'a, de'a will then 

2 

be the curve of moments. 
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Fig. 42. 



Fig, 43. 



Case 4. — Cantilever loaded both at outer end and uniformly throughout. 

This is simply Cases 1 and 3 combined. All that is necessary is to 

add the parabola to the triangle, as in 

Sometimes this case is represented 
by^the triangle being on one side of 
the beam line and the parabola on the 
other, but it is better to fix a general 
"Je to draw the diagrams always on 
^t side of thejbeam line on which 
conipression would come, i.e., below in 
cantilevers, where the curve is con- 
vex upwards, and above in supported 
"fisms, where the curve is sagging or 




Before leaving the subject of can- „. .. 

^vers, it may be well to note *^* 

^ti for equilibrium, there must be, beyond the point of fixing, a 
force which will produce a moment = that on the cantilever itself, 
^w if, instead of the cantilever being built into a wall, it is kept 
^ equilibrium by an anchorage, as at C, Fig. 45, the force acting at 
C must be such that its moment at A is equal to the moment of 



i "W X AB. Thia may he represented gmphically as shown in tho lowei 

p&rt of tha figufe, or it may be reiiresented by considering thu 

moment W x tlie distance BC. Let ct represent this moment, on the 

same scale as before, then this moment will manifestly lie equal to 

the moment at C of the reaction li, and tha triangle ecd will be 

—the diagram of moments tor tho reaction It, tho ordi[iates_/*.?, etc., 

■'being measured upwards from the line ed, and the difference in the 

rdinatea y7t, hg being /j, the actual moment at the section /t'. 




Fig. 45. 



Sitj'p' rltd i€(ims 
The rule for findmg the M, at any section in supported beajns 
is: — TaMj^ie algehaic ••urn of the moments due fo ike readion of eithet 
mp'pori and to any loadi, between that siij^oi t and tlie '■ection in question. 

The first thing to be done is to find out the reactions. In 
symmetrically loaded beams ea^h reaction la evidently = hiilf tho 
total weight, but in other cases the reat-tioii is obtained by taldnj; 
^^ moments round the opposite support. Tho leason for this will at 
^^^_- once be evident if we consider the supporting abutment replaced by 
^^^■-« chain lifting the end of the beam. For ec]uilibi'ium, the tension 
^^H on such a chain will be found by tho law of the lever, the fulcrum 
^^H being the opposite abutment. 

^^H The reactions can also be found gi*aphically, as follows: — 
^^H In Fig. 46 let tho beam AB carry any load W. At B lay off on 
^^^1 any convenient scale Bit — W. Join An, cutting the ^'erticaI Cb, 
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through the e.g. of W, in b. Draw be parallel to AB. Then Be will 
represent the reaction at B, and ca will = reaction at A. 




Fig. 46. 

Where there are several loads, lay them off one below the other, 
as in jFig, 47, where Bc = \V3, cb^W^. ba = \Vy From A draw 
Aa, A6, Ac, and also draw verticals through the centres of gravity of 
W^, Wg, W3. From d, where the vertical through W^ cuts Aa, draw 
de parallel to Ab, and from e draw ef parallel to Ac, and from /, /r/ 
parallel to AB. This line will cut Ba at a point g such that B^ and 
gel are the required reactions. 




Fig. 47. 

Cass 5. — Beam supported at both ends, and loaded with a concentrdied 
load. 

This case is exactly the converse of the cantilever shown in 

Fiff. 45 

f2 



Let BA (Fiff, 48) be the hcLii 
I AIJ = /, BC = a. 

ThDii reaction at B = W- 



with the load W at C. Let 



itid reaction at A = W 7 



Hence Mf at C = Wa x ~r- = fl'a - - -p- 

This wiil be the maximum Mf when the load is 
I consiiler the Mf at ;iny other section, as F, distant 



'"■ i 

at C, for if Tr« ! 



Ibo 
-V.'i 



a-a) 



(--«<'-»)--- r' 



That is, considering the algebraic sum of the moments between 
B and F. If we consider the momenta between A and F wa get | 



, the same result, i.c., 



So that it does not matter 



I which of the two supitorts we consider in finding the Mf at any 
point. Comparing (1) with (2) we see that x is greater than a. 




Fig. 48. 
Wfflic is greater than Wu^ so that for ail positions of F between A 
and C the Mf gets Icsa in proportion as F approaclies A, being at 
the supports, and a maximum under the load. The same is true for | 
all positions of F between B and C. 

The case may be graphically represented as shown in the lowwj 
part of the figure, where ac'& is the diagram of momenta, cd repi 

seuting on any scale the moment Wn — >— , and the moment at anjR 
point F being found from the ordinate ff. 
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As in Fig, 45, hd represents the moment of the reaction at A round 
B, and also the moment of W at B, these moments being equal. The 
triangle he'd represents the moments which would be produced if 
BC were a cantilever, loaded with W at C. 

Case 6. — Beam supported at both ends and loaded with a single load, 
at tJie centre (Fig, 49). 

This case, which is a common and therefore im])ortant one, 

W 
follows from the preceding one. The reactions here are=-'o > J^^^^l 

W I W/ 
the Mf at the centre will be ^ x .7 = "r- '^^^^^ ^^y ^^ ^"^® ^^^ 

seen from the diagram, where hd represents the moment of the roac- 

tion at A round B = -^. Then, completing the triangle as in the 

Wl 
preceding case, we see that as cc' = ^hd, the Mff = -j-* 




Case 7. — Beam supported and loaded with any number of loads at 
certain paints. 

The reactions having been found as before described, the Mf at 
any point is found by taking the sum of the moments between that 
point and either support. Graphically, there are various ways of 
representing, this case. One way is shown in Fig, 50. Here aft is 
tbe beam line, c<j', dd\ ee' represent the moments produced by W^, 

Wj, Wg, considered by themselves alone. Then make c7j = c/+c<7. 

Similarly make dm =^ do -{-dp, and e'n = eq + er. Then hkmna is the 

polygon of moments. 
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Another method, which is porelT graphic, is to vk m polar Smgimm, 
Fig, 51 Uy off od any aeale x^x^— W,, z^= Vk^ x^f^—^^* >^ivi take anj 
|aotnt O, joiDing Oz^ Ox^ (hc^ Or*. Next, drawiag perpendiculars thrn^ 
h, r, dy e, and a, take any point b' in the perpeodicolar through b and inm V 
draw 6 V parallel to Or,« from e^ draw r'cf parall^ to Qz,, then d"^ and eV ia 
like manner. Join h'cif and from O draw OR parallel to h'a\ Then X|R aai 
Kx4 will gi%'e the resctiooa, a graphic method of aacertaining them rimilirta 
that deacrited above, on p. 67. 

To find the Moments of Flexure, draw from R RO" horizontal, eqnal to some 
integral nnrober on the horizontal scale of the beam line. Join (Xx,, CXx,, O'atik 
ryx4, and draw fer^ r/i,, djt^ c/l, parallel to 0'r„ (yx^ O'arj, Cx^ This 
will give the pol^'gon of moments, and the amoont can be ascertained hy 
measuring the ordinate on the scale for the weights and multiplying the result 
by the polar distance OH. 



Jgs fWT^^^li^yZ - y^cT/'TggJ^fl? R^ ^<^,*^^^^^ 
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Fig. 50. 




An important cxjjression for the value of the Mj from the polygon ^/c'dVafj 
and the polar diagram Ox^x.jciXi can be obtained, which is of much use in tli»j 
investigation of arche<l ribs and suspension bridges. Draw Oa;, from O, afrl 
right angles to the load line XYX.p:^x, and let the scale for length be the san 
as that for forces, then to find the Mj at any point, say C, we know that it 

= RBxBC = a:iRxnC. 
But from similar triangles 

arjR : OR : : c'f/ : h'(j and x^K '.Ox'.'.c'rj: BC. 

Hence Mf at C, which ..^, 

= XiRxBC = Oa;xcV, 

or the Mf at any point is equal to the portion of the Vertical throng tb 
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point, enclosed in the polygon Vc'd't*a\ and multiplied by the perpendicular 
distance OX. 

This method is known as Culmann's method, from Professor Culmann, of 
Zurich, M^ho introduced it. 

For example, let the beam be 10 feet long, with weights of 100, 
200, and 300 lbs. at 3, 6, and 8 feet from the left abutment. Find 
*hc Mf under each of the weights and at the centre of the beam. 




8L^-X 



Here w^ = 100, w^^^OO, w^ = 300. Draw these to scale, take any 
point O, and proceeding as above described, we find the reactions to 
be 210 lbs. and 390 lbs. respectively. Then drawing 0'Il = :fVAB, 
and joining the points x^, iCg, % x^ with 0', and thus o])taining the 
polj'gon of moments ftCoC^g^^a, wo measure each ordinate on the scale 
of weights and multiply by the constant 10 x J. The Mf at c 
measures 250, which multiplied by the constant = 627 inch-lbs. The 
calculated moment = 630, and is no doubt more accurate. The other 
moments are 960, 780, and 850 inch-lbs., under d, e, and the centre 
respectively. 

If the diagram of moments is correctly drawn, the last line, drawn 
througli «2 parallel to O'a;^, should pass exactly through a. This is a 
useful check on the accuracy of the work. 

Still another graphic solution of this problem is possible. The 
principle is that previously illustrated in Figs. 45 and 49, i.e., where 
the moment produced by the reaction at one support is considered 
at the other and the moments of the weights are subtracted. 

Thus, in the case already considered, in Fig. 52 let ha represent 
the beam. Lay off from b the ordinate bx = the moment of the 
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reaction at a multiplied by the distance ab, and a;^ = weight at 
e X distance eb, yz — weight at (^ x dh^ and zh = weight at c x cb. Then, i 

join ax, from the point ! 
^^^^ e' where the vertical 

from e cuts ax, draw • 

e'y, cutting the vertical 

through d at d\ From 

d' draw ti?'^, cutting 

'^^^ the vertical through e 

^^^^ at c\ Then 6c'(f«'a 

-^ *^^ is the diagram of 

moments, and it will 
be observed that it is 
the same as that for a 
cantilever, as in Fig. 
fj^ 41, only the ordinates 
in this case are sub- 
tracted from, instead 
of being added to the fir&t ordinate. 

These methods will repay careful study. Any graphic method is 
useful, but each of the above has its own merits. 

Case 8. — Beavi supported at both ends and loaded with two equal ■ 
weights at equal distances from the centre. 

This is a particular form of the previous case. In Fig, 53 let AB 



X' 









■^^. 



^-.. 



>".. 




d. 



ct^ 



Fig, 53. 



represent the beam loaded with weights W, W, at C and D equi- 
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distant from the centre. Then the Mf at any point between 
C and D distant x from B is 

Wa; - W(a; - a) = Wa. 

In other words, the Mf between the weights is a constant. 
Graphically, this can be shown by. the same method as the last 
graphical solution in the last case. Let ha be the beam line, with 
weights at c and d. Draw ^.r = reaction at A (this is obviously 
= W) X ah and make xy = W x hd, and yh = VV x he. Join ax, d'y^ hc\ 
then hc'd'a is the diagram of moments, in which c'd' is evidently 
parallel to cd^ indicating that the Mf there is a constant. 

This case is common ; the cross girders in a railway bridge, the 
main girders, sometimes, in a framed floor, the "distance pieces" in 
a double-lock spar bridge, are familiar instances. 

Case 9. — Beam suppm-led, and loaded throughout its length with a 
unifm'rrdy distrihuted load. 

This is the commonest case of all, and therefore the 
most important. It should be most carefully studied. 

In Fig, iii let AB represent the beam, and let the unit of load be 
w, with length /, so that if W be the total weight, W = wL Then 
the reaction at each support will evidently = JW = ^i(;/. 



W 



ocyncrrrrrrrwr0^CYy$9^$^^^ 




To find the Mf at any point C distant x from B we have the 
reaction x the distance BC or x - the weight on BC x ^BC. 

Or Mf= ^wlx - ^wx^ =' ^wx (l-x) (a). 

The Mir is evidently at the centre where x=}^l 





[ Suljsti tilting this value, wo have 



Now oqiiation (u) ia that of a iiamliola where tlie origin of the co 
ordinates is at a point on the curve distant Ji from the axis ; hence 
to draw tbe diagram of moments we lay off from the centre 
dd' = ^yVl, and diiiw a parabola passing through Id^a. 

For further proof see Ajijiendix I. to this chapter. 

If the load, instea<l of being uniformly distributed throughout the 
whole length, be oijually divided among any number of cross piece* 
fixed at uniform intervals (as often happens), the same parabolic 
curve will enable us to aHcertain the moments, for all that is 
necessary is to draw ordinates from the fixed points to the curve, as 
in Fig. 55. For this reason we consi'ler the rafters in a roof, the 
joists in a floor, etc., as uniformly loaded beams. In a bridge there 
is no object in dividing the span into very wide sections or panels, 
as there is no great lednctiou in the Mf. 




ty 55. 



Case 10. — Beam suppoiieil, iiud haded vdlh n distrihuted h-ad , 
art of iU Inigth. 

To follow the purely analytical method in this case would involvftj 
^the calculus ; it is, therefore, given in Appendix II. to this idmpter. 
Graphically, let the beam BA {Fig. 5G) be partially loaded witJtj 
the distributed load from C to D. First consider the weight of the 
whole load aa if it were conoenlnited «t E, the central point of CU.l 
Draw the diagram for such a load as in Case 5. Then consider tha] 
length CD as if it were a benm supported at C and D, and with its 



uniform load. Draw tlie diagram cfd for such a load as in Case 9. 
From c and (^"draw cd and dd' meeting the first diagram at d and (f . 
Join c'd\ and draw ordinates above c'cT equal to the ordinates of cfd. 
Then hc'fda is the required diagnim of moments. 



^CCf^^CC^ 




r 'JE jd 




Tliese are the most ordinary cases of beams ; any others are com- 
pounds of two or more of the above, as when a beam is uniformly 
loaded, and has one or more weights at fixed points as well. In snch 
compound cases the sum of the moments gives the required compound 
moment. 

It will now be evident how the variations in the Mf do not depend 
on the weight alone, but on the other considerations mentioned at 
the beginning of this chapter. It is useful to notice the different 
values in the Mff for a given length and a given load in the various 
cases. If the length be / and the weight be W, then — 

(1). In a cantilever, the weight being all at the end, x\lff= W/. 

(2). In a cantilever, the load being distributed, Mtf=| W/. 

(3). In a beam, the load being central and concentrated, Mff = ;J W/. 

(4). In a beam, the load being uniformly distributed, Mff=i WZ. 

It will subsequently be seen, when treating of fixed beams,* that in 
a beam fixed at both ends and loaded in the middle, the Mff is at tho 
centre and at the points of fixing, and = \ W^. Also in the same beam 
with the load uniformly distributed, the Mff is at the points of fixinj 
an<l = XT WZ, the Mf at the centre being = ^^ W/. 

From the above we see : — (1). That in all cases a beam or cantilever 
is twice as strong with a distributed load as it is with a concentrated 
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p 



load in the centre. (H). A cantilever requii-es four times tlic 
strength of a auppoi-ted beam of the same length and similar load. 
(3). Fixing a beam increases its strength, an compared •with b. 
beam, by 2 if the load is concentrated in the centre, and 
by 1'5 if uniformly loaded. 

Before lea\'ing the subject of the Moments of Flexure of beams, it 
may be well here to ad'I something about beams which are strained 
over one or two piers, and loaded in I'aiious ways.* 

Case ll.—Bmm hingtdat one end and strained o'^r apier, loaded at 
the end and nt (he viiddle. 

Let the beam BA be lunged at B and strained over the pier C, 
loaded with the weight W at A and W, at D between B and C 
(Fi3. 5-). 

T5 w 

c 




Fig. 57. I 

Now if there were no weight except that at A, the case would bM 

that of Case 5 above reversed, and the diagram of moments woalj j 

be ac'b where he is the moment W x AB = R x BC. This is simply 

the same as Fig. 45. 

With a weight Wj at D, the diagram for the span BC will be tlu 

triangle WV, and the bending moments for the whole beam will bi 

the shaded portion Id'gc'a. In this c:iso the value of the reactioa 4 

must be obtained from the equation 

E X BC = W X A B + Wi X DB. 
In the diagram the ordinate he represents W x AB, hh represea| 
• Theae are tfikeu oliiefly frum Mr. Claxton Fidler's Praclical Treatitt 

Bridge ConatriwUon. 
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Wj X BD. Hence eh represents K x BC. Joining he' and hd\ we get 
the diagram of moments. As shown in Fig, 57, the point d' is above 
5a, indicating that the beam is concave upwards or sagging from 
h to g, and convex or hogging from g to a. It might have happened 
that the weight W^ was small compared with W, in which case the 
point d might have come, as in Fig, 58, below the line, indicating 
that the curvature of the beam was hogging throughout. If the 
force at the hinged end B is upward, the curvature will be hogging, 
and vice versd. 



«3> 



A I.. 




^l'-' 



Fig, 58. 



The point where the curvature changes from convexity to con- 
cavity, as g (Fig, 57), is called the point of contra flexure, or contrary 
flexure. This point is of much importance in the investigation of 
fixed and continuous beams. 

Cask 1 2. — Beam strained over two piers. 

In this case let BA (Fig. 59) be the beam strained over the piers 
C and D and loaded with weights at the extremities and at some 
point E between the piers. If the weights at B and A are equal, 
and the lengths BC and AD also equal, and if there be no other 
weight on the beam, then the diagram will be bc'd'a, and will be the 
converse of Case 8 above (Fig, 53). When, however, there is an 
intermediate weight between C and D, the reaction at one or other 
of the piers must be determined by equating the moments at the 
other. Thus the reaction at D is found by taking moments at C : — 

WixBC = W3xAC-E2xDC + W2xEC. 



From this we olitiiti tlie viiliio of I!„. Without obtaining tlis 
' value, however, wo can dra,w the diigriim of moments by cirLiwing 
cc'^^WixBC, and *-j = W3xAC, and c'f^W^xCE. The shaded 
figure represents the dingram of moments for the whole beam. 

'- The points h ami k arc thu points of contra ilexiire. 




}uj. 59. 



its determiii^^H 
ind where the 



As in the former case, the relative value of the weigl 
whether the beam is in sagging or hogging curvature, ; 
points of contra flexure are situated. 

The casea of (1) a beam hinged at one and strained over one pier 
while loaded throughout with a uniform load, and (2) a beam 
strained over two piera and loaded with a uniform load, are shown 
on Figs. 60 and 61. No comment is necessary on these cases, as the 
principles will be quite clear to those who have followed the 
investigation in the previous cases. In Fig. 60 the lino cd rcpreaonta 
the moment of the unknown vertical force at the hinge A. This 
vertical force can, of course, bo ascertained algebraically. 

In Fig. 61 the dta}>;i'am can be obtained either by fii-st finding the 
i-alues of cc' and <ld', joining c'd' and drawing on that line the 
parabola for the load on CD, or by making eg equal to the moment 
of AD at C, and c7=^ the load on CD x CD, and drawing 
the parabolic arc by ordinatea measured below d'f and passing 
through i/. 
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As far as the positions of the points of contra flexure are con- 
jriie<l, this obviously depends on the relative length of AD and 
C as compared with CD. 



COCOcrrrrrrrrryin rrr^ 




Fig. 60. 



rnnrcy^rrr rrrynncy^^ 




Fig. 61. 



A few examples are now given of various cases. 
Example 1. — A beam 10' span has a weight of 200 lbs, 3 feel from 
ons end and 300 lbs. ^ feet from the oilier end. Find the readiona. 

In Fig. 62— Ra x 200 x 7 + 300 x 3 ^ 10 = 230 lbs. 

11b = 300 X 7 + 200 X 3 -^ 10 = 270 lbs. 



I 






1 



Fig. G2. 

Example 2. — A caniUevei- 6' ^onj may le called upon to bear ais 
fxtremity a weigJil of li cwls. Its fixed end is hidlt into 2 feei of brit 
work 5' in width, ff^kat must the least height of the brickwork lie ? 

In Fig. 63 AB-6', CB = 2', and let j; = the height of the brickwoi 



Then taking moments round B — 

Ux6 = 2x5xa;xl (weight of I cubic foot of brickwork) x 1 (J BO) 



84 = IOj. 
ic = 5--l feet. 



J 



81 

EXAMPLK S. — A 40' girder has a uniform load of 2 tons per foot run, 
ajid « weight of 8 tons in the centre. Find the My 8' fivm one ahatmerU. 

From Fig. 64 R = 44 tons. Hence the Mf at 8' from either abut- 
ment =44x8- 16 x 4=298 foot-tons. 




8 tons 

Fig. 64. 

EXAMPLB 4. — .i locomoliBe witli 8 tons on the leading, 15 tons on lite 
driving, and 8 Ions on the trailing wheel, is standing on a 60' bridge wUk 
the trailing wheel 20' from one abutment. The dUhinces of the centres' of the 
axles is 6' 6". Find grapliicallij the reactions and tlie diagrtm of moments. 

In Fig. 65 let ha represent to scale the bridge, and m, n, o be the 




ttg 65 




jsitions of the tUreo wheels. On the polar diagram draw x^X^, a-jZj, 
representing the weights on these wheels, take any poiut O and 
join Or-,, Ox,, Oa;,, 0,r^, and, as in Fig. 51, draw b'm', m'n', n'o', o'a' 
parallel to the lines on the polar diagi-am. Join h'a', and draw 
through 0, Oy^ parallel to h'a'. Then J:^y^ and yi?, represent the 
reactions. 

We might go on to ascertain the momenta as before in ft former 
example, but, for variety, let us take the third method of finding 
the moments. 

The reaction at ona abutment a being fuuud to be 13-6 tons, lay 
I off te = the moment of tluit reaction at b, i.e., 13'CxG0 = 816 foot- 
I tons. Then make xy on the same scale = the moment of tho weight 
X the distance ob, i.e., 8 x 33 = 264 foot-tons, and similarly, 
= the weight of nxnh, i.e., 15x2t)'5 = 3D6 foot-tons. Join ax, 
cutting the perpendicular through o in r, join yr, cutting the 
I pei-pendicular through n at 5, and so on. Then bj)gra is tlie diagram. 
If the work is correct, then bx will scale 160, i.e., the moment of 
[ the weight at m into the distance bm, or 8 x 20 foot-tons. 

By measurement we find the M^ to be 406 foot-tons. By cal- 
culation it is 404. 

ExAUrLG b.^A girdtr supporting a floor 24' span has 3 binders 
I resting on it dividing the span equally into four pttrls. Each hinder 
\ carries 30 ciot. Find the M/ under earh. 

This is most easily worked out by calculation, though the graphic 
I method might be used. Fig. 66 shows the loads on the girder. 
The Mf at the centre is 

2-2B tons X 1-2 feet- 1 J tons x 6 feet =18 footrtons. 
The Mf at E = 2-25 tons x 6 feet = 13-5 foottous. 



-i -■^i'^ i- 



McM JOcirt SOcivt 

Fig. 66. 



In practice it would usually be necessBry to reduce these to inch- 
tons, by multiplying them by 12, so as to compare them with the 
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moments of resistance, which are usually exproHSod in inch-tons or 
inch-lbs. 

ExAHPLK 6. — A beam 20' span is uni/orndi/ haded for half its 
distance with 40 lbs. per fool run. Draw dituimm of moments and find 
the Mf in the cenlre. 

In Fig. 67 half the beam is loaded with 10 x 40 = 400 lbs., of 
which the reactions prodiiced at the abutments are 300 at A and 
100 at B. Draw A(i = reactioii at B x BA, te., 2,000 foot-lbs. 
From C, the centre of the load, draw Ce, meeting Bit at c. Then, if 
the whole load had been concentrated at C, AcB would be the 
diagram of moments. 




To find out, however, the true diagmm, consider AD by itself, 
and draw its diagram as though it were supporting at A and D. 
Makec'C = ^, i.e., 400 x 10-i- 8 = 500 foot-lbs., on the same scale as 

Affl, and draw the parabolic arc Ac'D. Join Ad and draw ordinates 
from Ad = those of the parabolic are. Then AedB is the true 
diagram of moment Tiie Mf in the centre= 1,000 fooUbs. 
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APPENDIX I. 



To prove that the curve of moments for a uniformly loaded supported beam 
is a parabola (Fig. 68). 




Fig, 68. 



The equation to a parabola is 



y^=iax. 



This may be written, to suit notation — 

x*=4ay. 

Transfer origin to a point hk on the curve, then 

(h-x)^==4ca (k-y) (a). 

But in the case of a beam, supported at both ends and loaded with a uniform 
load wl — 

h=n and ^•=Mff=--^-, 



(«) becomes 



h^ 



= (^~^^=iak=-ia'^; 






(I \2 , , , icJ^ 2 2 



8 



WW 



jK{^-a^) = -.y; 



^^ n ^ 



Eut this is the value of M^ at any point rr, hence the value of Mj varies with 
y, the ordinate of a parabola. 
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APPENDIX n. 



To find MjT in a supported beam partially loaded with a distributed load 
{Fig. 69). 



if 




^-^^i.-^^^^^x^ m-^^'^ 




The reaction at left support 



^ Mia ^ W 

'-'- I 

Fig. 69. 



= -wz[ 2 )• 

The moment at any section under the load distant x from the support is 



l-iiz + y) ) . to (a: - y)' 

2 



( l-iiz+y )) 
-wxz^ 1 / + 



For a maximum, differeutiating, and equating with — 



{hz±y)z 
x=z + y- ^ — . 



t.e., the section divides the load, so that the portion at cither side = the 
adjoining reaction. 




Internal Influbnckb Tkndino to Eksist Eupture in Bbj 

Internal Momenta Exoitod in Beams. — ConBidemtions AlF^itiiig t 
Momeuts. — DiHorepikiiuy between Enperimenta and Theory. — Reotan^ 
Beams. -General Inveatigation of MonientB o( Resiatjince. — Remark 
Modulus of Rupture. — Rulea for Obtaining Value of I. — ^Eiamplt 
Rolled Steel Jaist. — Momenta of ReBiatanae of UnBymmetrical Bean 
RuaiupleB. 

In the preceding chapter we have consiilered the effects prodi 
by external fortes atting transversely to beams in various ■wa3-s; 
next step is to calculate the nature of the Moments of Eeaisti 
excited in the fibres of the beam by the externa! influences, 
clear that these Momenta of Resistance must be equal to 
Moments of flexure at every [joint throughout its length, 
expressed algebraically — 

M, = Mf, 

and for safety the M, which the beam is capable of affor 
must be greater than Mg. As has already been pointed out 
previous chapter, in practice the M^ is arranged to be greater I 
the Mf by a definite ratio called the factor of safety, which v( 
with various materials and the nature of the loads coming on thi 

CoTtsulerutioni Affecting Mr. 

The Moments of Resistance are affected by the following conai 
ations : — (1). The material of the beam, (2). The shape of 
cross section. (3). The arrangement of that cross section. 

With regard to (1), it is evident that the natui-al properties of 
material play a most prominent part in the resistance affarde< 
any giveu case. But this is not the only consideration, for (3) 
shape of the cross section affects the result, e.g., a circular log 
afford a different resistance from a rectangular beam of the a 
seatioii:Ll area, and even this rectangular beam will afford a diffe 
resistance according to (3) the arrangement of its section, bi 



stronger when its longer side ia [lerpijnJicular thnn when Uid flat 
™ its longor aide. 

Difcrepanct/ between Efperimints and TItiory. 
In the invea ligation of tliia subject we are confronted with the 
fifficulty th;it the deductions from the best theories on the question 
Qt> not always accord with the results of experiment. The inference 
I* that the theories are in fault, and, therefore, unreliable. But 
slthoHgh it is admitted Dhat theory has as yet not entirely mastered 
*u the details of the subject,* yet the residts, when applied in the 
ligut of reeoi'ded experiment, are sufficiently accurate for all practical 
Piu-poses, and are, at ail events, fairly true within the limits of 
elasticity nf the raatuiial concemed. 

Tkeordical I'rinciples. 
^^ hen a beam ia bent under the action of tranverse forces, wo see, 
"[^'thout much reasoning on the subject, tliat the fibres on the one 
s'Ue of the beam are stretched, and those on the other side are 
corapresged. If the beam be supported at both ends, tlie loicer fibraa 
*'*U be stretched ; if the beam be a cantilever, then the upper fibres 
*"''! be stretched. As the stress is proportional, or neaily so, to the 
^traiij^ or the visible change of form that any fibre undergoes, we 
'"^y> by observing the strain, find the relative intensity of the stress 
'^^ atiy fibre. This will be true as long as the elastic limit of the 
^^terial is not exceeded, but when that limit is passed, the rule no 
longer holds good, and this is one reason why the theories on this 
s>lbject do not correspond with the results of experiment. We also 
°®^ that there will be some layer in the beam where there is neither 
s^ctension nor compression in the fibres ; this layer ia called the ' 
'^Utrat layer, and the line where the neutral layer intersects any 
'^'"'^ss section of the beam is called the neutral axis of that croaa 
"Action. 

"1 fig, 70 let the beam, when unloaded, have a number of 
y^nical lines drawn on one vertical side, at tixed intervals. When a 
'Oaq jg brought upon the beam, if the theory be correct, then these 
"'Wtical lines will radiate towards a common centre. Auy section 
** «ays will no longer be a rectangle, but a trapezoi<l, as in Fig. 71, 
™e side ibz being shortened to wV, and the side yz being elongated 

*nieory baa mattered a great, deai mori! uf the aubjecl than is lulully 
L ^J|P"»«1- French writers — Snvier, Sftint-Venont, and otUera— have gone mudi ; 
^^^'n EoUy iato the subject than English ones. i 




to y's'. The iDcrement s3' = tlio diminution ax'. At the neutr-^ 
layer nv! there is no change. Inasmuch aa the strain corresponds t 
the stress, the stress in the fibres of the beam will increase in regule 
proportion from the iieuti'al laj'er to the outer fibres in the bena 
or if tho stress at 1 inch from the neutral layer be 2 lbs. per sqiia^^^'' 
inch, the stress at 2 inches from the neutral layer will be 4 lbs. p^^"^ 
square inch. Hence the stresses may, as regards the whole cro^^^ 
section of the bejim, be represented by a wedge-shaped figure i— _|'. 
Fig. 73, where NN' or WW represents the width of the be^m, Wl — -^ 
its depth, und the triangles NWiU and N^y tho stresses above an^^ - 
below t!ie neutral axis NN'. The resultant pressure of the streas^^^* 
will be clearly leprosentod by the area of the triangle NWi^^ " 
( X breadth NN') for stresses above, and NYj ( x breadth NN') fo-*::^*'' 
those below, the neutral layer, and the point nf application uf thes ^^ * 
resultants will be the centres of gravity of tho triangles, while tli- -«"* 




directions of these resultants will he at right angles to WY. 
thus have the stresses reduced to two equal and opjHDsite forced "^ 
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wiich we can ascertain the magnitude, direction, and point of 
application. To find the Moment of Resistance of these forces we 
Mj either consider one of them acting with a leverage equal to the 
ce between the two, or, which comes to the same thing, we 
consider the effect of both round the central point or fulcrum 
N. In either case the expression for the value of the moment is as 
foDows : — 

Letr be the value of the intensity, i.e., the pressure per square unit, 
at the extreme fibre, i.e., let r = Ww or Yy. Let W Y = (Z, the depth of 
the beam, and NN' = b, the breadth. Then R, the resultant stress above 
or below the neutral axis = area of triangle x breadth = ^rx^dxb. 
The leverage or distance between R and li' = ^d. Hence the whole 
Moment of Resistance for the cross section, when it is rectangular, is 

^x^x^dxb = irbd\ 

Balancing of Mf by Mr- 

It may help in the consideration of this subject if, at this stage, 
we consider how the Moment of Flexure is balanced b}' the Moment 
of Kesistance. To take a simple instance, let ABEF {Fig, 73) 
represent a beam loaded with a central weight W at the section CD. 
The pressure of the weight gives rise to reactions = i W at the supports, 




Fig, 73. 

*'ju to stresses in the beam indicated by arrows in the upper part of 
^V* 73. Let us conceive the beam to be divided in two at CD, but 
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actfiduponbytfaeaame forces that main t» nail equilibinim before. We 
than have ^ W iind the reeiction lending to cause the portion BEDC M 
rotate in thedirectionof the handaof a watch.themoment of tlieeoupts 
being i \V x ^ / = ^ W/, and we have the resistances K und R' in tl« 
right half tending to turn BEDC in the contrary direction, and int 
rectangular l)eam the moment of these resistances = J rid". Hence ■ 

4 ~ 6 ■ I 

This is the equation of equilibrium for a rectangidar beiffl, 
supported at both ends and loaded in the middle. We may apply 
it to any given case. For instance, let the beam he 10 feet lor^ 
between supports and 4" by 8" in section, and let the modnltia M 
tranverse strength, or moilulus of rupture as it is sometimes callai 
(about which more presently), be 6,000 lbs. per square inch. Tto 
value of r may then he taken at 6,000 -=- 5 (factor of safety) = 1,300 Ito. 
It is required to find which is the greatest weight that the beam mb 
safely hear (1) when placed with its longest dimension vertical, WW. 
(2) when laid flat on that side. 

Substituting values, we get in the first case — 

W X i (10' X 1-2") = 1,200 ((■) X 4 (i) X 8 X 8(J2) -h 0. 
Hence \V = l,7o6 lbs. 

In the second case — 

Wxi{130) = 200xSx4x4. 
Hence W=S53 lbs. 

Till) difference illustrates the advantage of putting a beam wilhi" 
longest side vertical. 

Eximoagance of Beams which are Rectangular in. Section. 
Aa the extreme fibres in rectangular beams, of whatever niateP** 
they may ho composed of, are the only parls of the beam that »*• 
exerting their full working resistance, the rest of the beam might) •* 
far aa its resisting cfTect is concerned, be proportionally reduced * 
section. In a beam of rectjingular and uniform cross section throng 
out its length, only a very small portion indeed of the beam is doiUS 
its full amount of resistance. In limber rafters, joists, etc., it wouw 
not bo worth while to carry out the reduction of the section tosrffl 
theory only, bocauso the labour on the beam would bo expensive, *»■ 
the portions cut off would not bo of much further use; but in ironi* 
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l)eams this principle is carried into practical effect, so that 
of these metals are rolled in the shape ol the letter I, or else 
boilt np of plates or angle irons, in order that the resistance to ruptui-e 
Diaj be borne bj the horizontal flanges at the extremities, and the 
vertical part or wd) maj act as a connecting piece l)etween the flanges, 
and may also take the shearing stress, as will be pointed out in a 
fiubsequent ehapter. 

It may be, however, here jiointed out that the rectangular form of 
cross section, ordinarily given to timber stnictnres, has an important 
Wing on the question of carpenter's joints. It is evidently possible 
so to arrange these that they shall come at the parts of the beam 
subjected to least stress, and thus that the strength of the beam 
shall be interfered with as little as possible. For instance, if we 
nave two beams at right angles to one another, as the trimmei*s and 
joists in a floor, the proper way to join them is b}'^ a mortice and 
tenon joint, such as that in Fig. 74, where the mortice is cut out of 
« part where there is least stress, and not by notching, as in 
H 75. 





Fig. 74. 



Fig. 75. 



A 



Graphic Bepresentation in Rectangular Beams. 

H we take a cross section of a rectiingular beam and join the 
<^iagonals AC, BD, we have a 
f^apfe repi-esentdtion of the 
stresses from the neutral axis 
^ the edges, and the shaded 
areas AOB, DOC represent the jsTe^ural 
^tal tension and compression. 
for if in Fig. 76 AB represent 
on any scale of weights the in- 
tensity of stress at AB, say 
^000 lbs. per square inch, at a 
^'stance 4" from the neutral axis, 



I? 







Fig. 76. 



then we know that, on the reasoning we have investigated above, 
the stress intensity 2" from the neutral axis will be 1,000 xf, or 




t. 500 lbs. per Gqiiare inch. Btit ah 'u ^ AB, and, therefore, on ths 

f same settle I'eprosents 500 lbs. Hence ths triangle AOB and the 

r Iriungle DOC represent arais of equal resistance above and below the 

I aeutml axis, and graphically represent the qiiantitj- and distribution 

of the resistance. The monient of resistance might be obtained from 

these trianglcB in tbe aame way as in I'iff. 72, If AB = b, BC=if, 

the area of the triangle A0B = 1W. The leverage of theMtisJ^. 



Hence 
as before. 



Mr = rxlMxf(^ = Ji«', 



1 



Guncral Quuslion Of Jiesislance. I 

We have spent some time over the consideration of rectangular , 
beams, because tliey are common and because the application of the 
principles of the Moments of iJesistanco can be more readily under- , 
stood in their case tban in beams in general ; it is, however, now 
necessary to consider the general question 

-4 , ^. of resistance. 

In Fiff. 77 let ABCD be the cross 
-^ jj' section of a beam, 00' its nentral axis, 
tben if EF be any strip distant y* from 
the neutral axis, with breadth =z and 
depth = di/, the intensity of stress on that 
strip will vary as the distance y, on the 
principles hitherto considered, and thO' 
Moment of Resistance of that stn'p wiH 
vary aa zj/'". 
If r be the intensity of pressure at the strip AB, and )■' that atEF, 

y&m r-.r'-.-jf.y', 




Uonco llii' HtrcK* on t!io whole strip EF 



Hi'ucii llm immiKiit of resistance 
mnlti|ilitid liy tbc levi'ingu witii iv' 



nee of the whole str'ip is the stre^ 
which it acts, i.e. — ~1 

\_^ A 



. the Moineni of Resistiince of the ivkoU c 
nc the sum of all the particles x the square of their tlistanccB from 
pe neutml axia, i.e. — 



Moment of Ineiiia. 
This expression ^-if^zdy is called the Mmnent of Inertia of the c 
aoction. This is usually expressed by the symbol I, and values for 
vftiiouB forma of section are given in tabular form below. As it U ■ 
it great importance to have a clear idea of what is intended by this 
"ymbol, it should be remembered that it means the limit of sum 
of the products of the areas into which the surface is 
divided, multiplied by the square of their distances from 
the neutral axis. 

General Eiftation for Moment of liesulance. 

tI 

The equation Mr = — is a most important one. 

^preasion for the Moment of Resistance of any cross section, of 
*h*tever shape, in terms of ; {I), the intensity of stress on the fibres 
'nttheBt from the neutral axis ; (2), the Moment of Inertia of the 
SMtion; and (3) the distance of the extreme fibre from the neutral 

ll irill be observed that the whole of the reasoning in the above 
investigation depends on one assumption, viz., that the stress on any 
fibre, whether in tension or compression, varies directly with its 
distance from the neutral axis. This assumption is correct, or 
nearly so, for all stresses within the elastic limit of the 

rrtRterial, and as we may take the value of r in the equation — at 
any value within the elastic limit of the material whicli we are 
dealing with, we may ascertain with fair accuiacy t!ie resistance of 
the section when the extreiiK jibre is undergoing a stress of thai vahe of r. 
Thi«, in practice, is what is requii'ed, for it ia not desired that 
the beam shall be strained permanently, but that it shall be strained 
within its elastic limit, and recover its form after the load is removed. 

e the equation Mr = 



9 true for uU practical purposes, tlioiigh 



it is not in itcuordancc with the results of experimenta oE bcumt 
luailed to brcuking, because, among other reasons, the beam when 
broken has heen strained beyond its elastic limit. 

Another matter on which the solution of this equation depeadi 
ia the position of the neutral axis. This is aacertained by find- 
ing the centre of gravity of the cross section, and drawing »■ 
horizontal lino through it. For it is evident that as iho Btini; 
of the compressive forces in the section of the beam are eqniJ 
to the sum of the tensile forces in the section, these will l)Klanc>| 
one another. Hence, from the principles of statics, the . 
which equilibrium takes place passes through the centre of giHTiq''] 
of the cross section.* This, again, is true only within the limitB 
elasticity, foi' when the strains in a. beam are not proportional 
stresses producing them, there is no longer equality of stress, 
the position of the neutral axis is altered. It is supposed thatu 
bending, approaching rupture, the extreme fibres are partial^ 
relieved of stress, which is transferred to the layers of iihres ne»raf, 
to the neutral axis. The centre of gravity tends to move fiirtha 
away from the extreme fibre until the point of rupture ii 

To ascertain the safe value which we can give to r, it is not sound 
to take the tensile or compressive strength. What is pnictiMll/i 
done is to ascertain the bending moment which produces fraetni^ 
applying the fundamenkU formula 



Mf=M, = - 



of the other terms fini! ti* 
3 modulus of rupiure, or "^ 



and from the known and observed vah 
value of r. Tliis value of r is called 

effkient of trmtsverse drengfh. It is not the same as the tensile or(h| 
compressive strength of the material, as may be seen on examinati* 
of Table XIV, in Chapter III. As the subject has already been mb* 
sidered in that chapter, it is here only necessary to point out tlin^ 
the modulus of rupture is leas than the tensile strength in the M**| 
of timber, but greater in the case of iron and steel. 

Eeimrhs on the Modulus of BTipture. 

The values of the modulus of rupture are, as a rule, found froi" 

siu:^ll experimental beams, of the material in question, 1 inch spurn. 



t by French scientiflts in the ISth cuntiirj. 



J 
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12 inches long between supports, and loaded in the centre with a 
weight VV. The bending moment in such a case is JW^, and as the 

M, IS -g- , we have r = J W Z x t^ . 

The weight W is generally increased till the beam breaks. 

Hence we see that r is equal to 18 times the weight that will 
break the bar across, with the dimensions above mentioned. 

There is, however, this objection to this procedure — that in timber 
the specimens experimented on were, as a rule, perfectly dry, free from 
defects, and hence the results are too favourable. This has already 
heen pointed out in Chapter III. But this method has the advantage 
that it is readily applied in the case of unknown timbers. It is easy 
for the engineer to test specimens of materials in this way, and by 
applying the formula for Mr with a factor of safety of about 5, to 
he within safe and practical limits, whereas it is not easy to observe 
the amount of compression or extension of the materials under 
different stresses. 

It must, however, be remembered that, in using the modulus of 
rupture thus obtained by experiment, it is only applicable to the 
calcnlation of beams of section similar to that experimented on. 
Thus a modulus derived from a rectangular beam would, if applied 
to a beam of circular section, give very different results. This 
shows the difl&culty of applying theoretical rules to field struc- 
tures. 

The ratio of strength of a round pole to a square beam with side 
equal to the diameter of the round pole is nearly 6:10. This is 
nearly the ratio of the moments of inertia, i.e.^ wSSiR* andy^c?^, 
where (i = 2R. The rule is, of course, only approximate, for the 
^ons just stated. Field structures, therefore, need a liberal factor 
of safety. 

Where, however, the elastic limit of the material is not exceeded, 

rT 

the formula Mr = — is true, and the coincidence of the neutral axis 

y 

^th the axis through the centre of gravity is also true. 

Unles for Obtaining the Value of L 

We shall now consider some rules for obtaining the value of I. 

This may be obtained by integrating the expression i/^zdy for any 

I Action between the limits y and -y. A few examples of such 

^tegration are given in Appendix I. to this chapter. We can find 

tt for a rectangular section, however, by equating the expression for 






the M, of a rectangular beam, already fouini, with the general 

formula, i.e., ^ibd^ = — . Aa y — ^d in a rectangular beam, we sec 

that I = j5&f. From this value of I we can obtain the value of any 
figures of rectangular Hection. For instance, take the hollow recuingle 
represented in Fig. 78. Here the value of I ib ^"j {bd^ - b'd'^\. 

If, however, we take a form such aa that represented in Fig. 79 
the ordinary form for girders, the value of I mny be obtained either 
as in Fig. 79, where the I for the two side rectangles iH deducted 
from Lhe wtolo figure, i.e. — 



or as in Fig. 80, where the value of the I for the 
and to it is added the value of the I for the flanc'E 




I = ^'j{h-P-2kh^) . 



OX 

'eb is taken first, 



^[eh^xbld^-k^)] (2). 



Fig. 79. 

It will be evident that algebraically these values are equal, for, 
substituting in (2) for c ita value i— 2k, we have the two exprcBsioni 
identical. 

This illustrates two methods for finding the values of the Moment 
of Inertia for a rolled joist or beam of iron or steel, of the form 
shown, in Fig. 81, so largely used in the present day. By dividing 
the area into equivalent rectangles, as in Plate I., and taking ihB 
values of the I as above in (2), we may obtain the I for the whofe 
with sufficient accuiacy for alt practical purposes. Or we may 
divide the ai'ea into two rectangles, and four triangles, as in tia 
lower part of Pliile I., the area of these being equal to the difTerencft 
between the whole rectangle and the section of the rolled beam, w^ 
by the method illustrated in (!) obtain the value of the I for thfl J 
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2 

i 



In this last case, however, the neutral axis of the whole does not 

coincide with that of the four triangles. In order to ascertain the 

value of the Moment of Inertia of the triangles AGF, KHC round 

the axis MN, we first find the value of the I for each triangle about 

its own neutral axis, and add to this the area of the triangle 

multiplied by the square of the distance of its e.g. from the axis 

MN. The general rule for such cases is as follows : — The Moment of 

Inertia of a plane figure about an axis not passing throngh its eg, is equal 

to its Moment of Inertia about a parallel axis passing through its e.g. plus 

the area of the figure multiplied hy the square of the distance between the 

two aaes. 

A proof of this is given in Appendix 11. of this chapter. 



i 



fCtT^C 



J-i 




Fig. 80. 



Fig. 81. 



An application of this to an ordinary iron joist is as follows : — 
Example 7. — Mn irmi joist of the section shown in Plate I. is to be 
iised in the construction of a floor. It is required to find — 

(1). The Moment of Inertia by two methods as described above. 
(2). The value of the Moment of Resistance that it is capable of 
exerting with safety. 

To find the value of I by the first method we divide the flange 
into a number of equivalent rectangles, as shown in the upper part 
of the figure. The following measurements result : — 
i (1). A=-66", a = 9-14", k=^'SV, 5=10-24", Z = 3-78", c=10-80", 
I «=6-0\(^=120". Then 

=^{-66 X 9-148+ -84 (10-243 - 9-143) + 3.73 (10*83 - 10-243) 

+ 6(123-10-803) 
«^(503-94 + 260-56 + 627-37 + 292973) 

•^43-21-60 
-8W13. 

H 
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To find the value of I by the other method we dividi 

iif the contuining rectangle, not occupied hy the beam, 
lectangles and four triangles. Let h^ be the breadth of otie o 
rectangles, h, tho depth, while A„ is the depth pi of one 
triangles pqr, and h^ the distance from its centre of gravity 
neutral axis. 

Then the Moment of Inertia of the beam is found by taW 
Moment of Inertia of the whole containing rectangle and det 
therefrom the Moments of luertiii of the component parts outt 
limits of the beam. 

That is to say — 

I = -jV fli<f - 2 -^ - 4 (3V ''i^,,^ + i''i X hg X ki^). 
From measurement, 

m = 6", d = l2\ ii = 2'66", hf^ = -3i", A, =5-2'', and\ = I 
Svibstituting these values — 



1=^x6 



lx2-66x(10'12P 
12 

- 4 {^V 2'66 X (-34)^ + I 2'66 x Zi 
= S64-459-'[84- 4x12-312 
= 864-508-73 
= 355-29. 
The value obtained by the other method was 360-13. Ti 
once may be due to slight inaccuracies of drawing. 

The lowest value 355 may be taken as being on the 
safety. 

(2). To find the value of the greatest Moment of Easistanci 
a beam of this section is capable of exerting with safety, w 
of course, to consider the material. If wrought iron bi 
probably a modulus of rupture of 20 tons would be taken, 
with a factor of safety of 4, gives 5 tons per square inch as 1 

value of r in the equation - 1, which represents the Moment oj 

atice. In this case, taking r as 5 tons, I as 305, and ^ or I 
we get tho value of Mr = 296 inch-tons, very nearly. 

If the material of the beam be steel, with a modulus of nil 
30 tons, with the same factor of safety, we get T 

Mr = 7-5 X 355 -i- 6 = 443 inch-tons. J 
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^'A 



cL 



a 



(A-H) 



There is another method of finding the M^ less accurately than 
the above, it is true, yet sufficiently correct for all practical purposes, 
based on the principle mentioned in a former part of this chapter, 
viz.— that of equal areas of resistance. In this case, the joist is con- 
sidered as composed of a rectangle (i.e., the whole of the web, measured 
from top to bottom of the beam section), and two half flanges at 
each end. If A be the area of the web, i.e., hxd, then the Mr of 
the web alone = ^rhd^, or ^rAd. And if a' be the area of the flange 
on either side {i.e., above or ai 

below) of the web (Fig. 82), ^^^^ - 
then, on the assumption that ^^^ 
all the flange is under the 

same intensity of stress, the 

Mr of the flange is ra'd where 

d is theoretically the distance 

between the centres of 

^avity of the two flanges, 

butisj»'ftc^ica% taken as the 

total depth of the beam, as ^^^' ^"• 

before. Hence the total Mr of the beam = rd (^A + A') = rod where 

^i=area of flange + J area of the web- (Fig. 82). 
This expression Mr = rod is a very useful one, as it enables us to 

ascertain without much calculation, and with sufficient accuracy for 

practical purposes, the resistance of girders of all the ordinary types. 
To apply it to the case in Plate I. — 

A=(6" X -6" + 3-78" X -28" + '55 x SV) - -66 x (-55 + -28 + 60) 

+ •66 X 1 2" -^ 6 = 5-5 inches. 

Hence rad=ioT wrought iron 5x5*5x12 = 330 inch-tons 

% the more accurate formula — the value is 296 inch-tons, as we 

y 

^ave seen above. 




Moments of Resistance of Unsymmetrical Beams. 

The beam in the above example is taken as symmetrical about its 
<Jentre. It will now be necessary to examine the case of a beam, such 
35 a flat-bottomed rail, that is not symmetrical.* 



* Taken from General Wray's Application of Theory to Practice of Con- 

h2 



93296 
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The first thing to be done is to find the position of the e.g., and 
^_j„ ^ draw a horizontal axis through it. 

This will he the neutral axis. Then 
divide the whole cross section into 
equivalent rectangles, on the same 
principles as in the former example. 
Then in Fig. 83 the I of any given 
rectangle such as ha with respect to 
the axis 00' is the I of the rectangle 
about its own neutral axis plus the 
ai-ea of the rectangle x the square of 




5r 
Fig. 83. 

the distances hetwcon the axes, 



This applies to all the component rectangles. Hence 



+ n^+p(P-^) + q (jrs -f)\. 
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The following table shows the values of Moments of Inertia of 
various forms : — 

Table XVII. 

ydue of Moments of Inertia of Various Sertiom m-dinmily in use. 



Section. 



Rectangle 
Triangle ... 

T Section... 



H Section, with 
equal flanges. 

+ oection, with 
equal arms. 

Solid semi-circle 



§rcle (solid) ... 
Hollow ring ... 



Hollow rect- 
angular sec- 
tion of equal 
flanges, con- 
pected at 
intervals. 

Angle iron ... 



Value of I. 






- (61 - h)d.^Y 



•IIR^ 



•7854R*. 
•7854 (R^-R'*). 



iV>(cP rfi8). 



Terras. 



6= breadth of base. 
d = height of side. 
h = breadth of base. 
(2 = perpendicular 
from apex to base. 
See Fig. 84. 



~{h- h'){di - d^n 



See Fi(j. So. 

See Fig. 86. 

R = radius of circle. 



R and R' are radii 
of outer and inner 
circles. 
See Fig. 87. 



See Fig. 88. 



Remarks. 



d and di repre- 
sent distances 
of neutral axis 
from extremi- 
ties. 



Useful for cal- 
culating half- 
round logs. 



Useful in struts 
formed of two 
bars, connec 
ted by distance 
pieces. 

This may be com- 
puted also as 
the I Section 
above. 



Fuj. 84. 
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Fig. 88. 
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d Fig. S7. 
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The following table gives the vdiiea of I for angle a 
usually obtained in the market : — 

Tahle xviir. 

Falues nf I (the Moment of Iiierlia) and y (the AVnncc 
<ais from l!f exlmite fibre) in mrioiis mnrkei seeUons ofX 



all. 



*i 



3i 



5-5614 

5-0485 
2-4234 
3-0350 
2-8651 



A 



The values of I have been worked out from the precedin; 
the position of the neutral axis having been ascertained first 
principles explained in Chapter II., Appendix, Case 3. The 
sections are those of Messrs. Dorman, Long & Co., of Middlesb< 
Similar tables have been published by Col. Broadbent, E.I 
Molesworth, p, 148, Ed. 1893). His results agree very closel 
those above. 

This table will repay careful examination. It shows how t 
increase in depth gives great increase in strength. 

Grnpkic Hejrremitaiiffa of Areas of Eqml Rmstniice. 

We have seen above that in a rectangle the areas of equal 
ance are shown by joining the diagonals. 

In the case of a drcle {Fig. 89), lines are drawn across, a 
and perpendiculars let fall from their extremities, such as hd 
on a horizontal line dr.iwn at the top of the section, r ant 
joined to 0, the centre of the circle, intersecting I'b in u'b', a' 
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give points on the outline of the area of equal resistance. So for all 
other points. In the same way the symmetrical figures {Figs, 90 
and 91) can be found. 







It// 1. 



Fig. 89 




Wy///////^/y^J//77A 




. Fig. 91. 

^Vith ansymmetrical figures, the horizontal line through the e.g. 
18 first drawn, and the line at the top of the figare parallel to it. 
Another line at equal distance is drawn at the bottom, and measure- 
naents for the lower half of the figure referred to it (Figs. 92 and 93). 




^ ;m^ . 



I * 
I .* 



.:i4. 



Fig. 93. 



Fig. 92. 

These graphic methods may be turned to practical account as 
lollovs: — If we draw the resistance diagratn on a thick piece of 



r 
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Bristol board, or any material of uniform thickneBs, weigh tbe c — m 

out diagram, and also odg Bquare inch of tbe same material, then C .he 

first weight divided by the second will give the area requlroii in 

square inches, that is, tbe true value of a in the equation M^ = Tiul ~7. 



Examples. 

mples of the foregoing print 



A iew miscellaneous exi 
help to illustrate the text. 

EXAMPLK 8.^0/ tvMi beams, one of red Jir 6" x 4", aud the other 
lurch 7" X 3", which, is the strmtgei- ? 

From Table XIV., Chapter III., tlie minimum values of • 
modulus of rupture for red fir and larch are 4,500 and 5,000 ■ 
fespeetively. Placing the beams in the most favourable positicr 
i.e., with the longer side vortical, we get the following values for 
moment of resistance;- — 

For the red flr — 

^' = 4,500 X 4 X ;JG -r 6 = 108,000 inch-lbB. 



For the larch— 



-g- = 5,000 X 3 X 49 -r 6 = 132,500 inch-lbs. 

So that the latter is the stronger. If, however, we take Uie 
average minimum for red fir, as given in Table XIV., i.e., 6,000, i 
get the fiwt moment of re3i3tanoe= 144,000. There ia, therefore, 
little dift'erence in the strength of the two beams. 

Example 9. — A floor joisl at 12" central interval from the next Df^ 
Juu tomrry 160 lbs. per square foot. fTUh a span of 12' and width 'if 
2', wktt should the depth be ? 

As the fixing of the ends may be imperfect, it is bettor to assuDic 
the joist as supported only.* The greatest Moment of Flexure in ^ 
uniformly lo;«ied beam supported at both ends is Wi-^8, 

rkl^ 
moment of resistance of a rectangular beam ia — ^j- . 

For equilibrium, Mf=Mr. 

■• It will bo aftecwardH ahown (in Part IL ) that a beam which is half fixP-^ 
ia really ae strong as one whicb is perfeotlj fixed. For present purpoM^^l 
howuver, this may he disregaiiled. It is in accordance with usual oust ~ 
consiilor floor joists an supporled only. 
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Hence, substituting values — 

W= 160 X 1 foot X 12 feet = 1,920 lbs. 
W/ -T- 8 = 1,920 -^ 144 -r 8 = 34,5G0 inch-lbs. 

The average minimum modulus of rupture for red fir, as in the 
last example, being 6,000, we may take the value of r, with a factor 

-of safety of 5, as 1,200. 

Hence rki'^ ■T-6 = l,200x2x(^2-^6 = 4006^^^ 

Hence 400^^2= 34,560 inch-lbs., 

6^2 = 86-4, 
(Z = 9 4 inches. 

This, of course, takes no account of stiffness, which will be con- 
sidered in a later chapter. 

For such a span Hurst (Handbook, p. 34) gives 2" x 9^", which 
^corresponds with the above calculation. 

Example 10. — A cantilever of oak 6' long and 4" square is fixed 
into a wall. Find the greatest load that is safe to put at its extremity. 

Here the Mff = \VZ = W x 72 inch-lbs. 

The modulus of rupture of English oak is 10,0001bs., which, with 
^th a factor of safety of 5, gives 2,000 as the value of ?•. 

Mr = -i^ = 2,000x 4x16^ 6 = 21,333 inch-lbs., 
6 

Mf=Mr, 

Wx 72 = 21,333, 
'lence W = 300 lbs. 

Example 1L — In a double lock spar bridge, the distance between fm'k 
^^amoms is 15', the distance to the frame transoms 3', and the diameter' of 
^«« distance pieces 8", the timber being larch, What load per square foot 
^n two distance pieces carry safely, with a 10' roadway ? 

In Fig, 94 the elevation of the bridge is shown, 45' total span. 
I^e distance piece AB is supported on the frame transoms at A and 
\ and is weighted at the fork transoms C and D, which carry the 
^way from E to F, and from F to G. It is required to calculate 
the weights that would be safe at C and D, with the above condi- 
tions, and thence to deduce the safe weight per square foot. 

The Mf is a constant between G and D (see Chapter IV. Case 8), 
and is equal to W x AC = W x 36 inch-lbs. 
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The M, is found from the general equation rl-i-i/, where 
Moment of Inertia for a circle = "TSSiR* = in this case "7854 x 
The modulus of rupture of larch is 5,000, which, with a 
safety of 5, gives a value to '* of 1,000. The value of y, i.e. 
tance of the extreme fibre from the neutral asis, is half the 
of the beam, 8", hence i/ = i". 

rl -=--/= 1,000 

K(|uating Mf with M^ 



facto I 




Fig. 94. 



This is the greatest weight that each distance piece can saf 
bear at C and D. Each of the two pieces has to bear half 
weight of the roadway between E and F, i.e., if w be the weight 
square foot, then 

15>c5x w=I,34S lbs., 
or (r=18 1bs. 

From this it appears that two distance pieces of this diami 
would not be sufficient for the ordinary purposes of a bridge, 
weights on which are generally about 70 lbs. per square foot, 
load. It would be necessary, for safety, either to increase 
number of the pieces or increase the diameter very considerably. 

E.XA.MI'I.E la. — III the- ivlkd joist sliuan mi Plule I., Ihe viiileiiul b- 
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sied,aspan is assumed of 15 feet. What is the greatest central load if 
wUl bear safely ? 

The span is 15', or 180 inches. The Mff will be at the centre, and 
is equal to W^~ 4 = W x 45 inch-tons. 

From the example worked out above for investigating the resist- 
unceof this joist, we found that the value of I was 355, r was 7*5, 
fl^ith a factor of safety of 4, and y = 6. 

Hence rl-T-y = 463 inch-tons. 

Equating Mf with M^— W x 45 = 463, 
whence W= 10*03 tons. 

If wrought iron were used with a safe value of r of 5 tons, the 
value of W would be 6-58 tons. 

Example 13. — A square bar of cast iron 3'' x 3" rests on two suj>pmis 
•'>' apart. A weight of 3 tmis is suspended froni the centre. JVhat addi 
tumd wdght suspended at V from the centre will break the beam ? 

Let W be the weight required. Then in Fig. 95 the reaction 
nearest to that weight = (42 ^ 60W + \\) tons. 




i 



^ns 



6' 




3tir---^'0'-i 



Fig. 95. 



^he Mft is in the centre, and is equal to 

^^ (42 ^ 60W -M J) 30 - 1 2 W inch-tons. 

I^ae Mr is 

r^>c?2^6= 18 X 3 X 94-6 = 81 inch-tons, 

wng the modulus of rupture of cast iron at 18 tons. 
Equating Mff with Mr— 

(42-T-60W-hl-5)30-12W = 81, 
9 W = 36, and W = 4 tons. 

Example 14.—^ hollm tube of steel 8" diameter, J" thick, is place 
^^ siippo^rts 10' apart. Wlmt weight in its centre will break it ? 
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Here the M„ is W/-=- 4, and as the span is 10 feet, Mff = 30W inch- 

The value of the M^ is found from the geoeral equation »'I-i-j: 
Here r for mild steel (ultimate strength) is about 30 tons. I for a 
cii-cular ring ='7854 (R*-R'^), In this case ii = 4 inches i 
11' = 35 inches. Hence 

I = -7854 (I96-150) = 3e. 
Hence 'I-i-iy becomes 3U x 36 -i- 4 = 370 inch-Ions. 
Equating Mb- with M,— SOW = 270. 
t whence W = 9 tons. 



APPENDIX 1. 
Tu find the Moments of Inertia of a rectangle, triangle, circle, etc. 

The definition of the Moment of Inertia of a plane anrface about an axis 
being "the limit of the sum of tJie product of the elementary arena into which 
the surface may be conceived to be divided, by the square of their distances 
from the axis in qi 



(«). Rectangle (F;;,.fl 



t follows that if tliu surface be referred to a pair 






a slice of the triangle about a line KBM. drawn 
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througb. one apex parallel to the opposite side =2:^m, dm being the area of 
the slice. 

MM 




NOVT 

Hence for the whole triangle — 



dm=-rr. 
a 



dj 4 

Now let tlie Moment of Inertia about a line parallel to AC through the e.g. 



be A, then 



b€^ 



A + area of triangle x square of the distance of its e.g. from 



KBM, ».e. — 



4 2 

A=^6cP. 



(c). Circle {Fig. 98).* 




Fig, 98. 

f's/i^Zr^ fr fr 

1=1 I x^dxdy=2\ x^\/r^-^dx 

=2 I -Ja: {i^-^)^+-^l\/^;^^Hx Y_^ 



* From De Lanza's Applied Mechanics. 




APPENDIX II. 
The Moment of Inertia of a plane figure about an axis not pasamg through t 
centre of gravity = MomBnt of laertia alsmt a parallel axis which does p--a 
through the e.g. 4- the product of the area >: the square of the diatsK: 
between the axes, i.e. — 

I=I' + a"A. 

Let ABCD ( Fiy. 99) be the xurfooe ; let 0¥ be the axis not parsing tbro^: 
the e.g.; let P be an elementary area iariy, whose eo-ordinatfiH are 0R== 
andEP=s; and let 00i=u the distauco between the axes. LetOiR=a:i. 




Hence, summing and. passing to the limit — 

but if wo were seeking the abaciaaft of the e.g. when the surface is referred « 
YiOYi, and if this abscissa be denoted by irg, we should have I 

ijdxdy 
and ainoe a^o^O, j^x,dxdy=-0, 

jJ3Aixdy = jjx,Hixly + a''\idxdy, 



CHAPTER VI. 



Shearing Strkssbm in Beams. 

aveBtigation. — Horizontal anil Vertii^l Shearing Stress. — Ralea for 
ing Stress. — Varioiia Ordinary Cases. — Distriliution of tlie Shearing 
). — Appendix. 

ion to the direct stresses which we have been considering in 
■ions chapters, there are shearing atreaaea [irodiiced in a 

the action of any force external to it. These shearing 
are related to the direct stresses, inasmuch as they supply' 

necessary to maintain equilibrium in the varying conditions 
irect stresses. 

[Stance, in Fig. 100 let ABCD repre.'ient a cantilever forme. 1 
led iron beam, 
■ith a weight W , 
d. The diagram ^-4 

onts will be 

ted (as we have '^^B 

Chapter IV. 
by the triangle 
the Mf at any 
IS YF will be 
uted by the 
e yij in the 
i'ow if we 
section ZZ' near 
the M( at that 
riU ba different 
nite amount, 




Fig. 100. 



i on the diagram by the amount oi. 
ill be at Z a greater tension than at Y, and at Z' a corres- 
y greater compression that at Y'. In order to preserve 
um, therefore, there must be in the fibres of the beam an 
it force, besides that at Y, pulling away from Z and pushing 
Z'. The tendency of these forces is tfi shear away the 
rom. the web of the beam. 

s called the horizontal shearing force. It will presently 





I 
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be proved that there is an equal vertical ahearing force, acting at all 

points. Meantime it is well to observe tbat the horizontal shearing 

force is measured by the moment z'o divided by the distance tij* or 

(which cornea to the same thing) by the tangent of the angle of ira' 

clinution of the line c.t in the diagram of moments. Aa this ia » 

straight line in the case before us, it follows that the shearing stress 

is a constant for this case. In most eases the line re is curved, so 

that the ratio I'aries from point to point, but whatever be its eurvit 

S tui'e, the inclination of the tangent 

to the diagram of moments at any 

point will be a measure of tic 

shearing force exerted per unit of 

length at that point. 

That the veriieal shearing force 
is also connected with the direct 
stresses may be proved as 
follows :— 

Let bl>, au (Fig. 101) be W 
adjacent sections of a beam at \ 



a 




i 


\ _ 


Si 


- \ 






i 



Mff. 101. 



distance from each other d:c. The left couple represents the smaHer 
Mr at aa, and the right couple represents the greater M^ at bb. 

The couple at m = M, = Mf. 

„ „ 6&=Mr + rfM, = Mf+rfMf. 

The difference of the opposite couples is di/Lf, which for equilibrium 
must be equal to the moment of the only other existing force, i.«., 
the shearing stress couple, Sifji Hence Si/ = rfMf and S = -^'. 

If in a beam the continuity of the fibres be interrupted by » 1 
number of verticil 
slices cut in it, as iD 
Fig. 102, it is evident 
that these slices will 
slip past each other 
when the beam is 
loaded. In the uncut 
although actual sliding is 




Fig. 1(12. 
beam the same tfimhmnj to slip exists, 
prevented by the cohesion of the beam. 

• ^ is the BliL-aving foice, i.e., if :'o be in i 
will be in tons, and will represent a/wre, not a 



I 
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he beam be cut into horizontal slices the layers will slide on 
)ther as in Fig. 103, and in the uncut beam there is the 
endency to slide. In Fig, 100, if we imagine the web severed 
ntally from the upper flange, the beam will no longer be 
' as a whole, but only the upper flange can be considered as a 




LvJ 





Q. 




Fig, 103. 

m this it will be understood how important a function the web 
D a girder, uniting the flanges into one beam, transmitting the 
8, and transforming them from vertical into horizontal ones. 
b the horizontal shearing stress is equal to the vertical at every 
nay be proved as follows : — 

small square be drawn on the neutral layer of an unloaded 

5ular beam, as in 

04, and then a load 

3lied, it will be seen 

he square is distorted 

rhombus, as in the 

part of the figure, 
sre know that at the 
I layer there are no 
stresses. Hence the 
ion must be pro- 
by the vertical 
g stresses as shown 
) arrows VV and by 
)rizontal arrows HH. 
jre is equilibrium the 
it produced by the action of each is equal, and the forces 
Ives equal. 

Rules for Finding Shearing Stress. 

vertical shearing stress at any section of a beam is the 

1 resultant of all the forces, acting on either side of that 

1. Hence — 

I 




Fig. 104. 
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1. For cantilevcra. to find :he shearing stress at any seeDam, taW 
Ar Mai tceiykJ lying between that section aiid the free end. 

3. For beams, whether sQpjtorte.i or fixed, to find the shearii^ 
streM at any section take the rftirtiim at rither fuypati, mimus a»f Im^ 
between Uiat eapport and the section in question. 

As it is usually necesaary to !t$cert^n the maximnm Gheari^E 
force, it is generally sufficient to find the shenring stress at tbe 
supports, where it is equal to the reaction. 1 

yhrioag Ordtmirg Ones. 

The shearing stress for various cases may be represented graphi- 
cally. 

Following the same order of cases as in Chapter IT. we have— 

Ca.se I, — IJiitttiltter with load at the. fml. _^ . 

In this case the shearing stress at every section is equal to ^^^L 
weight at the en<I, and is therefore a constant, and may be rep^^^ 
sent«il by the ordinates to a rectangle, as in Fig. 105. ^ 

Here it may be well to compare the diagram of moments viV 
that of shearing stresaea. Fig. 106 represents the former, and 
ahould be remembered that the ordinates in this case represent con:**' 
[iound expressions, such as inch-tons, foot-lbs., etc. In the case (7 

J*' 



Fiy. 105. 




Fig. ]0< 



the shearing stress diagram, the ordinates represent forces — ^ tons, lb 
etc. The diagram of shearing stress will, however, give the TftlO' J 
of the Moments of Flexure, by taking the areu of the figure, e.j., i" 
Fig. lO.T the area of the rectangle itbcd gives the value of the M(it 1 
A, for that Mf is W/, and in the figure ub represents /, and k J 
lepresentB W. This rule applies in all cases. 
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C'ASI 2. — Cantilever with several loads. 

Fig. 107 gives the diagram of shearing stresses. 







Hi 

J8 






Wz 



Fig. 107. 



Cask 3. — Cantilever vMh uniform load, 
iig. 108'gives the diagram. 



Fig. 108. 



w 




yft 




Case 4. — Cantilever loaded both at otUer end and uniformly. 

Fig. 109 gives the diagram. It is simply the addition of Cases 1 
and 3. 

Cask 5. — Beam supported at both end<, and loaded at some point with 
^^ngkload. 

First find the reactions ac, hd. Then the shearing stress will be a 

constant between the supports and the load, and may, therefore, be 

i2 
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represented by two rectangles, as in Fig, 1 10. Here it is desirable 
to show the rectangles on either side of the beam line, to indicate 
the difference of the action of the shear, as shown further hy the 
directions of the arrows. The difference of direction is sometimes 
referred to as positive and negative shearing stress. In this case the 
area of the rectangles is equal, being the value of the Mf under the 
load. 



1 TV 

^rmmnnnnnnn 





a 



Fig. 109. 





+ ti 




Fig, 110. 



Case 6. — Beam mippmied and mth a single load in the centre. 

Fig. Ill shows the diagram. 

Case 7. — Beam supported and loaded with any number of laU^^ ^ 
certain points {Fig. 112). 

Finding first the reactions, we know that the shear will be a ^. 
stunt up to the position of the next load, which will have t^ 
ileducted from the reaction. The point where the shearing sP^^ 
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iges sign will vary with the amount of the weights, but yrill 
illy be under one of the weights near the centre. 



W 





w 



Fig. 111. 




Wi 






- n. 



R 





W/ 


< 


/ 
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« 
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Fig. 112. 



Cask 8. — Supported beam with weights equal and eqmillf/ placed with 

ffrme to the centre. 

Here there is no shearing stress at all in the central portion 

h' 113). The reason of this is that, in that central portion, all the 

^ is pressing downwards ; there is no reaction pushing upwards. 

e effect of the equal weights is to shear the entire portion away at 

5 points C and D. 

^ASB 9. — Beam suppmted and unifoi'nily loaded. 

^ig» 114 shows the diagram. The sign changes in the centre. 
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Cask 10.— Beam sipparttd mdpKfiiaap loaJidmA a uniform taai. 

FVom the points of su[q>ort to tbe Hnrits of the load the sheafing 
FtreBs will be » constant. Hence we first find the reactions, Uf 
draw rectangles as far as the limits ot the load. Joining the oppoBt 
angles eJ of these rectangles, we hare the shearing stress in thebeai 
beneath the load re[sesented bv the tmngtes, and the point O whw 
the line cuts the beam line shows where the sb'ess changes »g 
(Fiff. 115). This point also shows lis where the Momcot of Fleiut 
is a masimmii, for th.it will occur where the shearing stresB^t- 
Heace this method is a simple waj ior finding the exact point i 
maxiiunm Mf which coold not otherwise be found except by the m 
of the calculns. 




It iN. 



voi\ ii'Utrtm worlh while to draw a shearing s* 
V |»ii'tii'iiluv section, lor it is generally foiiinl easily 
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eolation. As a rule, the maximum shearing stress is all that 
inired, and that is equal, invariably, to the reaction. 
\t the same time sheariag stress diagrams itre valuable, in showing 
i glance the variations in this stress for ditferont cases, in showing 
irelationbetiveenthe Moments of Flexure and the shearing stress, 
1 occasionally (as in Case 10 above) they afford a simple means for 
iing out the pjsition of the maximum Mf. In cantilevers, the 
iition of the maximum shearing stress coincides with the maxi- 
im Hf, whereas in supportei^l beams the reverse occurs, and in 
ed beams, the maximum shear occurs at the point of fixing, the 
nimum under the greatest weight 




Fig. 115. 
Distribution of the Shearing Stress.* 
The shearing stress is not equally distributed over the cross section 
a beam. For wo have seen above that, in any two adjacent layers 
a beam which is loaded in any way, the shearing stress supplies 
sdiSerence between the Moments of Flexure or the direct stresses. 
T ioBtance, in Fig. 116, let HFD be a projection of a transverse 
tioQ of a beam of uniform section, and GEB another section very 
Jseioit 




Fig. 116. 
*' ChieSy tokeii from General Wray'a Instruction in Coiiatructtoii 
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If the Mf at HFD differs from that at GEE, there must be u 
orrceponding iliflerenco in the amount of direct stress on two 
corresponding parts of the section planes, ench as GE and HF, 
The difference of these direct stresses is a liorizontaJ forte acting on 
the solid HFEG tending to force it away from the centre, and iti 
onler to maintain oipiilibrium, the amount of the shearing stresa on 
the plane EF must be equal and opposite to this horizontal forco. 
The amount of the difference of the direct stresses at GE inJ 
HF, divided by the area of the plane FE, gives the intennU^ of 
the shearing stress, i.e., in Iba. per squnre inch, or similar 
quantities. 

Now the longer UE and HF are, the greater will be the direcl 
stresses on them, and the greater the difference of those stresaesi 
hence the greater will be the shearing stress on FK as it approachw 
the neutral axis 00'. 

If we take a beam, of any material, and cut it into sli««i 
horizontally, we get ocular proof of this, for it will be seen 
that the overlap of the layers will be greater if we cut the 
beam in two slices down the middle, than if we cut it into sevtri* 
slices. 

From this we get the broad principle that the shearing stress M' 
maximum at the neutral axis and a minimum at the edges of the 
beam. This is the converse of the direct stresses. 

In a rectangular beam the shearing stress varies as the ordinst** 
of a parabola, where the greatest is at tiie neutral axis, and is eq"** 

to the following expression, viz., --^ , where R=the total shearing 

stress, and (/ = the depth of the beam in inches, or any other nnjt. 
For proof, see Appendix to this Chapter). 

This may be expressed by saying that the average value of the 
shearing stress throughout the depth of the beam is two-thirds o< 
the maximum intensity. 

This is important in connection with timber beams, for, as ha" 
been pointed out in Chapter HI., the shearing resistance along the 
fibres is, as a rule, much less than the shearing resistance transverse 
to the fibres, and also it has been found from experiment that beam* 
frequently begin to give way, when under transverse stieas, by Bbeaf 
ing along the neutral layer. 

This investigation is also of practical importance as showing wha' 
ratio of depth to length in timber beams should not tie exceeded, i» 
failure by shearing longitudinally is to he avoided. ^^H 



'or if we take a beam of rectangular section, supported at both 
^^cis and uniformly loaded, we know that 

— — —— (see Chapter v.). 
8 6 

3/ ' 
inci from consideration of shearing, if S = total amount of shearing 
f oroe, .s- = average intensity of shear, s6c? = S = — , and the maximum 
mtonsity of resistance, s' = f 5. 



W = 



O 



ence 4 — 7-=l^^'> 

V 

^•«-, d\l\\s'\r. 



the load is at the centre d\l\\^s'\r. 
'rom experiments made by Professor Lanza with American 
tixnlDers, the average values of r are 



Spruce {Abies nigra) 
Yellow pine {Pinm mitis) ... 

Anci the values of .s' along the grain are 

Spruce 

Yellow pine 



4451 lbs. per square inch. 
7486 



>» »» 



191 „ 
248 „ 



«« Tl 



These values for s' are less than those obtained by direct experi- 
ments on shearing resistance, as in these cases the specimen is com 
pe^ed to shear along a particular plane, whereas in testing an 
ordinary beam, failure naturally occurs along the line of least re- 
sistance. In the experiments referred to, failure occurred as often 
"7 shearing along the grain as by direct tensile stress developed at the 
^xtrenae fibre." 

^^ see then that cZ;/; ; 191:4451 = 1:23 for spruce, and ^V ^O'" 

/eiiOHr piuQ^ Iq^^j distributed in each case. With central loads the 

P^opor-tiions would be 1 : 11-6 and 1:15. 

. ^fcie depth of -the beam exceeds the proportion of the span thus 

^ad at, the beam may fail by longitudinal shearing along the 

^ ^ ^ if it is less there will be no danger of shearing. 
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With the ordinary limber useil in England, viz., Scots fir {pnE< 
sffli>eiitris), tlie proportion would be, for' a distributed load, about 
1 to 10. This proportion is seldom likely to be exceeded in practiw* ^ 
Hence in investigating ordinary cases it is quite sufficient to con' i 
eider the transverse stress jilone, and neglect the shearing stress. 

It is true that for ordinary purposes the distributioD of tit 
shearing stress is not considered. In built-up iron and ateel girders, 
the stress is taken as uniformly distributed. This assumption is on 
the side of safety, because the point to be determined is the sti'W* 
where the flanges and web join. At tiiis point the actual strees is 
less than the avoi-age, and hence, if taken as equal to the average, W^ 
are on tlie side of safety. 



e proof gf the panibolio ilistrihution of shearing foreea 



reotangul* 



4rB Af 




) 


\ ■ 


' \ 



follows;— In ?»* 
117 let MN, QR be W* 
adjacent vertical BHOtioDS oE 
rectangular beam. Let tfc 
triangle AOM represent tt 
direct stresBes at MN, a«i 
.ngle BOM represenl t-t 



din 



it Ettressea at QR. Let O 



,, be the oeiitral layei 

^'■'■'- ^^'' OMorOQ^y. 

Let AB, or the difference of the direct stresses AM, BM, on the outer fibc^ 
distant y from the neutral axis = r. Let SE, or the difference of the diW* 
BDresses ST, ET, on the fibree distant y' from the neutral axis = r'. 

Then the area of the trapezium AE^J {r + r') [y-y') —■■< or the sheari*: 
atresa on TT', inasmuch as it representa the ilifference of the dirept slnwt^ 
acting at QT and MT. 

Now from similar triangles — ^^ 



SiibstiLutin;^ this 



\y:y, orr' = ry -fy. 

n the abovo value of ™ — 



'^ii>+>y -y)ly-s') ^^^f-y"^^- 

This is the eiiuatmn to a parabola, where the origin of co-ordinates is st 
pqint in the aMB, whose distance from the vertex represents the ahearir" 
stress on 00', i f , Jr^, which is the value of « when y' = 0, and also the ar* 
of the triangle AOB As this triangle represents the difference of the t^ 
triangles AOM, BOM, or the total direct stresses at the sections MN, QB. 
gives the total shearing stress on 00', 



i 
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as 111 



The distribution of the shearing stress may be represented graphically 

Fig- 118, in which ac 

represents the shearing 

stress at the neutral 

layers, s' represents the 

shear at TT' distant y' 
from 00, and the area 
of the parabola repre- 
sents the total shearing 
stress on the whole sec- 
tion. Now'astheareaof ^^^9- ^^^* 

a parabola is two-thirds of the circumscribing rectangle, if we write R = the 
total shearing stress, and S = the maximum intensity at the neutral layer 
and if 6 and d represent, as usual, the breath and depth of the beam, we 




= aCf 
have 



R=fdxac=§rfxS6or S = 



3R 

2dl 



The above shows the distribution for a particular case. The general 
equation showing the value of the intensity of the shearing stress in the cross 
section of a beam of any form is shown by Professor Rankine to be 






where g'r: intensity of shearing stress on any beam, 
S= total shearing on the section, 

I = Moment of Inertia- of the section about its neutral axis, 
&'= breadth of section where stress intensity =g', 
y'= distance of same plane from the neutral axis, 
yi= distance of extreme fibre on that side of the neutral axis, from that 

axis, 
6=breadth of section at distances y from NA. 
Practically, however, the shearing stress is considered as uniform all over 
the section. 
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Beflectios of Beams. 

VeJiei-ai R Era arks, -Principlea of Caleulalioii.-Beftmfl of Unifom. HU-eatS*^ 
and Uopth, Special ConaiderationH. — Limits of Doflection Adoiiesibl^- 
Appetidices. 

Gemml Rt-marks. 
The elastic deHection of beams ia a subject that, in all permanent 
engineering works, is second only in importance to the question of 
itreiigth. The beam or girder must be not only strong enoiigfci M 
lUstain the anticipated loads without breaking, but m.u3t be 
ufBciently stiff to bear the loads without being strained beyom^ 
certain limits, those limits being detcroLiticd in the first instance by 
he consideration that Ho part of the beam shall be strained heyo^^ 
limit of elasticity, and in the second place, tliat tlie deflection 
iroduced shall not cause injury to any pai-ts of tbe structure whicli 
are dependent on the beam, r.;/., the plaster on a ceiling, or the slato 

In temporary structui'es this consideration is of comparativ^lj 
little consequence, beca.use there the requirements are fultiiled if t*^^ 
beam is strong enough {with a margin of safety) to carry the load*. 
and also because the element of elasticity, which enters' into t*^ 
t^uestion, varies very largely in the material of which temporal? 
structures are usually built, viz., timber, so that calculations na*"* 
upon the basis of stiffness of seasoned stuff would be quite unrelia" 
if applied to freshly cut logs. Hence, for field operations, doflectioo 
may be usually neglected, and it may be fairly assumed that * 
beams used in field engineering, if strong enough, are stiff enoi*fi 
for all practical purposes. 

The case, however, is quite difl'erent in permanent stnictures. ^ , 
laws which govern the elastic deflection of beams are quite differ^" 
from those which rule the strength, and it very frequently happ^ , 
that a beam which is quite strong enough to bear, with the ^^_,!. 
factor of safety, any ordinary load, will, with the same load, e)cl*'*_ 
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ieflection that is quite in excess of permissible limits. It is there- 
'e necessary to calculate the dimensions of beams both for strength 
d stiffness, and to take the dimensions which come out the largest 
the scantling to be adopted. This may, at first sight, appear to 
^olve a great amount of labour, but as the processes for all ordinary 
5es may be resolved into comparatively simple formulae, as will l)e 
reafter pointed out, it will be seen that the labour involved is not 
5at, and not to be compared to the disadvantages of trusting to a 
re rule-of-thumb allowance, or to tables given in pocket books, 
ich are often only partially applicable to a given case. 
In the case of bridges, the rules for deflection often afford a 
iable guide as to the speeds allowable for trains crossing ; for it 
possible to calculate from the observed deflection the maximum 
ess intensity on the parts of the structure most exposed to stress, 
i if the speed of a passing train produce a deflection that indicates 
approach to the working stress for the material, it is clear that 
3 speed in future must be restricted to something less than that 
as observed. For instance, let it be assumed that the deflection 
a bridge with a train passing at 40 miles an hour be 1", and that 
is deflection, on calculation, corresponds to a stress intensity of 
tons per square inch, then, if the bridge is built of mild steel 
lich is only supposed to be subjected to a working stress of 7 tons 
r square inch, it is clear that instructions must be issued limiting 
8 speed to less than 40 miles an hour. An example of this is 
i^en below. 

Another advantage of the deflection principle is that by it one 
ly ascertain in some cases the quality of the material. Thus it is 
t unusual, in the case of spars required for telegraph poles or some 
3h work, to specify that the spars of a given diameter shall, when 
d horizontally on supports at a definite distance apart, and loaded 
th a definite load, not deflect beyond a certain limit. From this 
is possible to calculate the modulus of elasticity of the specimen, 
d by comparing it with that of good timber of the same class, 
ige of the value of the specimen. Thus the deflection gives 
proximately an index of quality. 

Principles of Calculation. 

When a beam deflects, its neutral line, or line passing through the 
iutral axis of every section, becomes, if originally straight, concave 
pwards, or if originally convex upwards, tends to become hori- 

3ntal. 




lif we dmrMF pnBtl lo A^ ^ wiD be eqiBvl to 
AM, amd tWrrfote FD wiD refrrwor tfce da^ion in the fibre ^D- 



i 




L Ck 



Fig. 120. 

Bm rioce, by Hooke's law, the etr&in is proportional U> the St*'*"- 
FT* repiwenU the intensity of stress r at the dietance y froU* 
ncntnil axis; for the same reason AM will on the same scale r'^P'* 
Bcmt the inodalus of elasticity E, since from the delinition of '''' 
tenn thB mo-luhis of elasticity represents that stress intensity *vbicli 
wrTuM eaiwe an elongation as great as the original lengtU ^^^ 
Cbapt«r L). 



Then, from the similar triangles DFM, MAL— 
FD:FM;:AM;AL, 

OT r:y::'E:p. 

But we know that 



Thus we have an expression for the radius of the deflection eurvi* 
111 lerma with which, from previous investigation, we are already 
familiar, 

foeipresB thia in terms of the ordinates x and v {Fig. 120) we aJiall alwayn 
•"M, no matter where the origin is taken. 



~'FWf' 



For proof see Ajipendix _. 

^ia (Drmula is too complicated to be integrated, except by niipi'oxiiiiation. 
^"d tliit which ia usually made ia as follows : — 
"'nee the slope of deflection is neoeasarily small, the angle which the 

"elected neutral line makes with the horizontal is everywhere amall, and-^ 

" ^etjsmall. l + (^) is theretote praotically=l. 

*t«nce, rabetituting in (2) the value of —from (1) and making 1 + (^) =1> 

M,= _'^ (3). 

El d^ ' 

~**cli is Ibe fundamental equation for computing the slope ami deSectioa of 
*^»«(Wbeam. 

*^J one integration cf this we find the slope whose tangent ia .- ; by a 
, "^^ integration we find the value of the deflection u at a distance x from 
, ^ origin, and by substituting any value of x we obtain tlie value of the 
•leotLon in terma of known expressions. 

Tile integration of (3) differs for different forms of beams, ou 
I ^^coiint of the variations which occur in the values of Mf and I. 
I P**ctice, however, there are two classes of beams which need be con- 
1 ^^Uerad:- 
k i\). Beams of uniform cross section throughout, where tl 



f Mf and I. In 

ch need be con- ^m 

ivhere the value ^^M 
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of I IB constant for all sections. To this class belong rectitrigiiliii' 
beams iind rolled joists. 

(2). Beama built up so as to have a unitorm unit stress on enrli 
flange throughout. The strength and depth is uniform. To this diss 
belong all built up girders with parallel flanges. 

There are, of course, other classes of beams, but the above com- 
prise those most usually met with. 

An example of the integration of formula (3) in the case most 
usually met with, viz., beams of uniform cross section suppotteil 
' lit both ends and uniformly loaded, is given in Appendix IT, 

The irenerdl formulae for maximum deflection are as follows :— 



V = 






_ n'rP 



-(+), (5), 



the former being used when it is desired to ascertain the deflection 
imder a given load, and the latter when it is desired to ascertain the 
deflection under a givtn mtensiiy of dress. 

The values of the symbols used above are as follows ; — 

V =the maximum of deflection in inches. 

H and w' are factors given in tables below. 

/ -= length of the beam in inches. 

W = weight on the beam in lbs. or tons. 

E = modulus of elasticity in lbs. or tons (.same as W, i.i:., if W is 
in tons, E must be also). 

I = Moment of Inertia in inches. 

■1/ = distance of extreme fibre from neutral axis in inches. 

/■ =limiting intonsit)' of stress at y, in lbs. per square inch if E is 
in lbs., and in tons if E is in tons. 
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Table XIX. 
Values of n and n' in the O^neral Formulce for Deflection, 



n 



Uniform Cross Section. 

1. Cantilever, load at any point 

8. „ loaded uniformly 

3. Beam supported, central load 

4. „ i, uniform ,, 

5. ,, fixed both ends, central load 

6. ,, „ 1} uniform ,, ... 



Uniform Strength and Depth. 

7. Cantilever, load at any point 

8. ,) t, uniform 

9. Beam supported, central load 



10. 



9t 



}| 



uniform load 






n' 



i 

i 

1^ 



i 

i 

iff 



i 
i 
i 



The value of n' can be easily calculated from the value of n as 

follows : — For example, take Case 3, i.e.^ a beam su[)portod at both 

ends and loaded in the centre, in which W = ■^^. We know from the 

W/ 
principles laid down in Chapter IV. that Mff in this case = — , and 

4 



that 



Mf=Mr=-. 

y 

Wl_rl 



hence 



r 

y 



y 
w/ 



WZ WZ'^ 

Substituting this value of --J in the equation ^ = (^ -^ , we have 



r 
V — - X 



l^ _ 1 W2 



y 12E ^T:y' 
hence the value of n\ as shown in the column, is ^^. 

K 



Bmims of Uniform Slreriiflk uml Depth, Speeial CmisidemlioiK. 

These beams are of auch freiiuent occurrence in bridges that It 
may be well to (levoto eomo further attention to them. 

In these girders tlie design is such that the unit atresa, or inten- 
sity of stress, is uniform throughout the whole length of the Range, 
Now as the strain is proportional to the stress, within elastic limiU, 
the elongation or contraction on the flanges will be uniform througli 
out the length of the flange. Hence the deflection curve producel 
will be circular, since the circle is the only curve that is due W» 
uniform cause. (For further proof that the curve is a circle m 
Appendix III,), When the beam is loaded the unit flange strew 
may be determined, and the amount of compression and extenMon 
in the flanges calculated. From these and from the modiiliu <i 
elasticity the deflection may be determined by moans of a simple 
equation,* as follows : — 

Let Ft;/. 121 represent a girder supported at both ends and 
loaded. The deflection curve will be the arc of a circle, the centra 
of which is at O. 




Fiff. 121. 

Let r = length of top flange afb. 

/j = ,, „ bottom flange egd. 

V = «/ the deflection. 

d = depth of girder /[?. 

p = radius of curvature of top flange. 
Then, as the deflection ia small compared to the radius, Oe may be 
talcoD as = 0/, and aeb ia nearly = I. 



's Demjit of SlntcUii 



I 
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Then from the properties of the circle (Euolidy III., 35) — 

2pxV = iZ2or V= ^ (6). 

'By similar triangles we get 

pi dl /-v 

^d=k''<"i:^ ('>• 

Substituting this value of p in (6) — 

v^'-^ W' 

which is a convenient expression for the value of the deflection 
when the contraction and expansion of the two flanges respectively 
are known. But as these are generally not easily determined, we 
have to go a step further and express them in terms of the flange 
stress and modulus of elasticity. As the length of the top flange is 
shortened by \ (l^ - 1) we have 

where r is the flange-stress in tons per square inch, or 

h-i='^ (9). 

Substituting this value in equation (3) we obtain 

^=iS=*C (^«)- 

as found previously (see Table XIX.). 

If I and d be expressed in feet. Equation (10) becomes 

v=— an 

The use of these formulae may be exemplified by the following : — 
Example 15. — A railway bridge of mild steely \00' span and 8' deep^ 

was,foundy in testing ^ to deflect under- a train passing at 40 miles an hour 

2 inches at the centre. Is this speed permissible ? 
From Equation (11) 

2x8x13,000 coo. • u 

r= — - — ,^ l^^ =6*92 tons per square men, 

3x10,000 ^ ^ 

which, with mild steel having a tensile resistance of 30 tons, gives a 

k2 



30i[»*:lDf) 



iuxsjEor if «fatnr j£ lA. IDiet v^mR if 4D mote sn Ihob- iv3|» Ae 
foFe, ^ jia m uHbi life, imt &Biad not 'he €sxs»cbd. 

ESJLKPI^ M, — iiraaj' timu^ if -fitt aefitetim qf a Irridof IW sp 
^' ^«5}, OB^ i*€t srehmidl ficmof arvo at ibi rtmirf qf 52 inck&i, iM 

_3{ 

111 tibt' above, h "woD i»e ncttaewd iiia.i cmiT lii*' elan^taon of tbe fianges erf i 
i;ii"ders art- ocmsidtirtid in estimatiiru: lihe ckfiomavua. \Tbeti>er an engineer 
justiified in jeglet^ting line tiS&cM cd ihe ^*r<itK or >ci the "brafies, in resist! 
6«fietrtiioiL, if fi matlier cm Tsriiicii soiciD'tiiSr cxpcm* diflfer. On the <me h*. 
Piiifeeaor Bran Vine iias si)ov:n th&i in & p3*«i«r of xbe -cawJaiumr pix^MrtioDS t 
-defiection due iro "web strain? doe? iiv>a 'Csrc-wid ^ <orf tbe witcJe, and I 
tipinicui has \>aen adoptied W sncii ■ffmirxgn inT«5;tagaT.ors a;s Mr, iStoney, X 
C«laxt>tm Fidler, aud Proft^ss^oir WajT«n, l>n ii>e iHth&c l&and the most rece 
Ain^*icaii «.mibarnit»v Proi«ssc^r? Jloimsoin, Turaeaoire, aiini Mr. Brvan, he 
"that this riev of the caise as reiirard> franied stroctures: is ** eircoieous a 
^roBsix misteading."^ To tbe ■ccxiinajx st-udt-mi soch 'Ocwiflicl ci opuu<m is ve 
jieiyiexing, but ii is ai all eTnents saiisfaoiory u> find tlukt the retsults 
^jbserTaTaaEu i^ciordtid by Proiesj»or Warreai, I'm a nnmbeT of plate web girc 
tod;g«?s -of -©y' Fpam ajid on a laiij^* gird«r ■ctf 1^' sfmn, agietexi most accurate 
vitiL lieiqg if anything raihes- ktss tlvan« the «alc«i3<ated liedection based oi 
JarHHiia Tejy much the same ais Forraiaia |10,) giveai above. The tests w* 
«8flTK»d cmt by bringing on the girxiers k«comouv«s, the weights of whi« 
•diflUiDoes benreeo oentres, etc, inw^ accurately knowo. The bridges w« 
eup^hjUr zEkeasored, ajkI the streiss intensities in the flanges calculated. 

Im thie light oi tbe agreement of theory and practice afibrded by these tes 
it » ^Qefiidcred that the rules given abox'e may be taken as practically g« 



icted by those for whom this book ii 

' The initial " camber " which is reiuircd in order to bring any pro- 
posed girder into a horizontal line when loaded may bo obtained 
eifciier by giving it a. rise in the centre equal to the calculated 
deflection, phia 25 per cent., or, in the case of braced Btrnctures, by 
ma.ldng the initial length of each strut greater than its designed 
length in the ratio of ( 1 + ^) to 1, and at the same time making 

©*'€STy tie shorter than its designed length by^ 1 --rr^ to 1. These 

1BTr»£»il additions or dimensions are sometimes specified on the work- 
dn^ drawings of the bridge.* 

1 Tt is well also to note that " the modulus of elasticity in a riveted 
Jgirder will depend upon the number of joints, and the degree of 
.| tightness of the rivets, as well as the materiaL Experiments mo " 
. "by Sir B. Baker, M.Inst.C.E., on small riveted girders show that the 
rivets behaved as clamps for ordinary working stresses, the deflec- 
tions being practically the same as if the girders were rolled in one 
piece. 

" In a plate web girder bridge, however, it will generally happen 
tliat the modulus is 20 per cent, less than the material of the 
Kirder."t 

It must be remembered that the deflection test does not afford a 
>^'iilile indication of ^teH-gUi. 

It does not follow that if the structure is weak, owing either to 
'"w Mrorkmanship, design or material, it will exhibit any unusual 
'luflection under the teat load. 

Pi-imisdble Limits of Defieclion. 

I" timber beams, such as floors, roofs, etc., the limit usually taken, 
"* laid, down in Tredgold'a Ciirpehkij, is ^'j" per foot run of span, or 
I EH the total span, which is equivalent to 3J5 of the span in 
•Jaatilevers. It must bo remembered that this is an arbitrary limit; 
fixed; however, by the opirrion of experts. 

As a mailer of fact, beams calculated on this basis give very satis- 
tactory results, but are generally of a greater scantling than is re- 
quirea for strength, except when fixed. 
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With a rectangular beam uniformly loaded, tKe formnia 

71 WP 



becomes 



I 



480 



F= 



_ 5 



EI 

WP 






which, as will be shown in a subsequent chapter, is capable of being 
simplified to a very convenient form for practical work. 

For girders the usual deflection allowed is from ^/^^ to ^ J^^ of 
the span. For the proof load on bridges Eankine gives the deflection 
from Yujf ^^ irbiT P*^ ^^ ^^ span. 



APPEKDIX L 

To express the Talae of the radins of a circle in t-erms of the ordinates of a 
point on its cireamference referred to an origin at any point. 

Let the origin be the point O ( Fig. 122), and let the ordinates of the centre 
of the circle be a and b. Let the radius be p. 




OCV 



O €V 

Fig, 122. 

Then {x-af + {v-hf=f? (1). 

l>iffercntiating twice— 

2(a;-a) + 2 {v-h) ^=0 (2). 

"-^=-^ (3)- 

fMMittiiing this value in (2)— 

a:-.a=.Ji±ix^ (4) 

dx"" 



HeDce we have the terms a and b in Equation (1) both eliminated, and 
may substitute for x-a and v-h in that equation the values above in (t3) 
and (4), t.e.— 



,..KS1' 






APPENDIX n. 

To prove that the deflection in a beam of uniform cross section, loaded 

anifornily,is5lT^. 

As the origin of the ordinates in pre\iou8 figures in this chapter has been 
taken at the lowest point of the curve it will be as well to do the same in this 
investigation. 

Let AOB {Fig. 123) be the beam loaded uniformly with a unit weight w 
per unit of length. Let I be the length, E the modulus of elasticity, and I 
the Moment of Inertia. 




Fig, 123. 

Let the ordinates of any point C referred to be a; and v. 
Then M, at C 

". 2-V2 V ~2V2 "'J -"8"^ 2" 



Since 
Integrating— 



.Integrati 



mg again — 



rfar»"Er d^' 8"^^' 

dx 4: *S 

When ^'^=0, x = and C = 0. 
dx 



o 1^ 



^..(a). 



when x = Of C = 0. 
(^) represents the general equation to the deflection curve. To find the 
•^ximum deflection, make x=-. 



iCe 



v = At 



EI 
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APPENDIX m. 

To prove that the radvua ofewrtature in a beam of wntform strength amd dept 
iH a circle. 

Ell 

In the general expression p = — - , there may be two variables, viz., Mf an< 

I. Before the general equation can be integrated, it is necessary to 6nd a: 

equivalent value for I which shall make the general equation true for ever; 

aection of the beam. 

Let M|r and I| be the Moments of Flexure and Inertia at the section o 

greatest stress, and M; and I similar moments at any other section. 

rl rl 

Then Mfl>=— ^ and Mf=— - . But r is uniform in the case under cod 

sideration, hence 

^ =^Jb and M,=^I^i . 

t 

Hence the general equation for the radius of curvature 

-s * 

But in the case of a beam of uniform strength and depth yi=yi and Mf 
and Ij are both constants, hence the radius of curvature is a constant, t e., the 
curve is circular. 



CHAPTER VIII. 



Application of the Principles of Strength and Deflection 

TO Timber and Iron Beams. 

« 

Timber.— Useful Formulse for Ordinary Cases. — Examples. — Proportions of 
Breadth to Depth. — Flitched Beams. — Cast-Iron Beams. — Examples. — 
KoUed Wrought-lron and Steel Beams. — Transverse Strength of Railway 
Kails. — Table of Scantlings. 

Having investigated the rules that govern the strength and deflection 
of beams under transverse stress, it is now proposed to give a few 
examples of the application of these rules to ordinary cases. 

Timber. 

In permanent works, timber beams are always rectangular in section, 
as it is not usually worth while to cut them to any other form. 

As regards strength^ in similar timber beams of equal lengths, 
equally loaded, the .strength increases directly with the breadth and 
vrith the square of the depth. The stiffness varies with the breadth 
and the cube of the depth, and the sheanng resistance increases with 
the sectional area. Hence for equality of strength and stiffness the 
deeper a beam can be made (provided its sectional area is large 
enough to resist the shearing forces) the smaller its sectional area 
-will be, and the more economical will be the construction, other 
things being equal. There are, of course, practical limits to the 
depth of beams actually used, because (1) in ordinary construction 
every beam should have breadth sufficient to secure stability, when 
placed on its edge; (2), it should have breadth enough to enable it to 
be fastened to other parts of the structure, and to have other parts 
fastened to it. Another limit (3) is imposed by the dimensions of 
beams ordinarily obtained in the market. 

A familiar instance of beams of the least possible breadth is 
afforded in the joists of a floor, where, in order to admit of plaster 



to the ceiling beneath, the widtli is Jimited to as small au amou 
possible, but yet niuet be sufiiciBDt to admit of tlie joists I 
fastened to the wall-plates on the one hand, and on the other I 
of admitting the ends of two adjiicent tioor-boards to lie nailet 
the top. Thus the wiilth ia generally not less than 3", and not o 
than 3", lateral atability being ensured by strutting. 

In the ordinary cases of timber beams used in buildings, the It 
may be regarded aa uniform, and the beam may be regardsd 
Biipportfld only. 

It is true tbat in many cases the beams are fixed, hut thro 
imperfect workmanship such fixing may only be partial, and it 
safer to consider them as supported only. 

Further, as all the timbers required to bear transverse loading 
building, or, indeed, in all the buildinga in a locality, are, as a i 
talten from one class of tree, it is jMissible to reduce! the rulet 
ordinary calculation to one or t«'o very simple formulse. 

One woid of caution is necessary. Forraulse are very nsef id servi 
to those who understand the principles on which they are based, 
they become very dangerous in the hands of those who are ignoi 
who often apply them to cases to which they do not refer. L 
be very clearly understood, therefore, that the following form 
refer to one particular class, the most usual class, of bea 
they refer to certain kinds of timber, and that any varia 
of these conditions must be investigated on first princi( 
and not worked out by these formulae, 

For instance, the timber that is universally used in Englanc 
the beams, rafters, joists, etc, of dwellings is red fir (pinits sylvei 
whose modulus of rupture may be taken at 5,0t0, and modul 
elasticity at 1,440,000 lbs. The formula for ascertaining the stre 
of a beam uniformly loaded and supported is 



■■( 



V = 1^^ 

El 

and as thu permissible deflection is jl^ of the span, we hav 

value of V as equal to -7- . 

Now, still further to simplify matters, as the length of the ord 
beam is usually stated in feet and not in inches, and as the lo 
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^>8Ually estimated in lbs. per square foot, we may express the 

^ormulflB somewhat differently hy calling W = LSto, where W = weight 

per square foot, S^ distance apart in feet of two adjacent ])eanis, and 

• ^e may write L as the length in feet, equal to ^^L Substituting in 

(«) these values and giving the value of r, with a factor of safety of 

4,«APj4o„ 1^260, we have 

LSwM<12L 1260//r/*-^ 
8 6 "'' 



or 
Similarly for deflection 



txp-^-f^''^ w. 



V = -^ inches, 
40 



K«„_ L , LSu)xi;'xl2» 

"' ro"'''"r,446,OOOx,>jW3' 

(rom which UP J/A]'^^''! {,1). 

loo 

If, instead of using red fir, we had used the timber most usually 
employed in India for barracks in the plains, viz., sal {shorea rohusta)y 
which has a modulus of rupture of 0,000 and of elasticity of 1,850,000 

(we Table XIV., Chapter III.), the values of the two equations (r) and 

(d) would be — 

Forstrength wa^Ll^ (e), 

loo 

»»d for Btiff-ness hd'J-^^^^p} (/), 

tno only difTerences being in the denominators of the fractions. 

It is therefore possible to frame formuhe for any class of timber 

™er the conditions named above, provided the moduli of rupture 

*n(l elasticity are known. 

To show the application of the formulao, a few examples are now 
given. 

l^^AMi>LE 17. — The bridging jtddi^ of afloai' in an ordinary English 
^» ^ foot apart centre to cent re ^ have a clear sjKin of 12 feet^ the weight 
'^J^oo)' being \\ cwts, per foot snper. Find the scantlings necessary. 




1. For strength, subati tilting I'alues in formula (c)— 



133 



= 1820. 



We may cither (i.) assume a width for 6, and fin<! from the valuS 
of M'^ iind lid^ the greatest value of il, or (ii.) we may examine 
talile of the values of l«P nml hP, and take any scaiitJing that sufW- 
Such tables are given at the and of this chapter. 

In the first case, assuming 6=2", we have (£ = 8^" and 9'6 iHchoSj 
whence we take the greater, say 9^". 

In the second case we find that for strength we may take 2' x 8b_' 
or 2 J" X 8", or 3" X 7". Foratiffness wemay take 3": 



r -2" X 9 



s is that without calculation 



The practical advantage of the tables . 
one can pick out a suitable scantling. 

In tlie case in point 2J" x 9" would probably be very suitable *^ 
every way. Hurst's pocketbook gives 2J"x8i", but floors wi*' 
joists of this depth, though quite strong enough, are often deficie*^ 
in stiffness. 

Example 18. — A pitrlin m a king-post roof wltere ike IrusseS ^^t 
\ feet apart and the length of the pi-indpal rafta- 1 6 fed. The toeif-^ 
per square font on Ike roof, including wind, siww, etc., nmy he taken ^^^ 
45 Ihs. Timber, deodar. 

This is the case of an ordinary timlier roof for a h.irrack iu t^»^' 
hills in India. 

From Table XIV., Chapter lit, we see that the Modulus -^' 
EJasticit}' for deodar is the same as for red fir, but that the Moditl""^*^ 
of Rupture is considerably greater. Formula ('/) may bo taken - ^^ 
far as stiffness ia concerned, while formula (i) b 



hl^- 



L (LSw) 
:i25 



L 



The purlin is most probably " fised " at the ends, but as gu '^" 

fixing may be modified by joints or framing, it is more usual ^ 
consider all roof timbers as supported only. 
Here L = 10', i e,, distance apart of trusses. 

S = 8', i.e., J distance from purlin to pole plate + J distar":*'^ 
from purlin to ridge. 
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(1). Then, for strength — 

225 

becomes =^^^^^160. 

225 

i''x^'' would satisfy this (vide Table XXII., p. 155). 
(2). For stiffness — 

^^1^^1,000x8x45^ 
133 133 

^" X 8" is the scantling required for this. 

In this case the dimensions necessary for stiffness are much greater 
ian those for strength. 

In purlins the limits of deflection might not necessarily be insisted 
pon with the same urgency as in the case of floors, or ceiling 
mbers, especially as, from the nature of the case, they are usually 
5«c?. But, on the other hand, careless workmanship may lead to 
'e cutting and notching of purlins at weak points ; hence it is well 

give a good margin. 

Proportions of Breadth to Depth in Timber Beums, 

In the above examples it will be noticed that in the case of the 
ists of a floor the breadth was limited to the practical requirements 
I* carpentry, and the depth made as great as possible, whereas in 
e roof purlin the depth is only about half as much again as the 
eadth. This may naturally raise the question — What are the best 
oportions of breadth to depth to be given to a beam so as to 
cure strength and stiffness 1 

If the beam were being cut out of a round log so that the material 
utilized to the best possible advantage, it may be proved that the 
ist proportions for btod are when h',d:\ll \/2, when strength only 

required, and that b'idy,!', \/3 when stiffness is required. Although 
lese proportions hold good for beams when cut out of logs, it does- 
ot follow that they represent the best proportions consistent with 
economy in all cases. For it is evident that both for strength and 
stiffness the greatest economy will be attained, or least material 
^ be required, when d is a, maximum, and we, therefore, must 
^m at getting the greatest depth in our beams, consistent with 
practical requirements. For instance, a beam 7" x 3", placed with 
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the longer side vertical, is both stronger and stifTer than one 6'x4*, | 
nllhotigh it has less limber in it Unfortunately, there is a p«VB-| 
lent idea in some quarters that tiie proportions for beams cut out 
of round logs are the best in all cases. 

In the case of floors, we have seen that the limit of breadths 
fixed by the least breadth for fastening floor boards. In other casM 
the limit is arrived at from considering how much width is requimJ 
to give the beam a secure hold at the points of support. Generalijf 
this security is attained if rf=3J. 

With purlins in a roof where the beam is placed so that no side 
is vertical, the proportions of 6 to fi may be as 2; 3.* 



FHlrAe-i J 



Timber beams 



t 




often sti-engthened by being sawn in two lon^- 
tudinallj', and ha\-ing a ^itch, or plate of iron, 
introduced. Sometimes two flitches are giTai, 
at either side, the beam remaining intact, bnt 
the former method is the more usual. 
various parts are fastened together by holts (s» 
Fig. 12i). To iuveatigate the strength of swh 
flitcbed beams is, of course, a matter oi 
diSicuUy. 
the breadth of the timber beam. 

„ „ „ „ iroti plate. 

„ modulus of rapture of the timber. 



Then M, =rhtt^~6 + rld*-i-6 

To Uke »n cwimiite, wo raxr im-«sUgite the comparative stren(^ 
«( a bwMH ol itafc 1 2" x 6*. with and without a fliwh of J' wrou] " 
iroH. 

The ii\aIuUw of mimiro of oak » 10,000 IVb. per square inch^ 
Tlw Wrtl«hM ot rupture vt wrought iron k 4i,800 lbs. per sqiat* 
lnch-r\ 



iHW(w*>lj «i ».>>*\t»i».'« wrtk Ri^Mfc Bf^aioe. In India thej •* 1 
*:'» *lnttM W nmdv as H 



!lHiik|t. \'tst>»ivtiv*H\ iW 1 . 
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:hen with J" flitch- 
Mr =12xl2-r6 (10,000 X 6 + 44,800 x i) = 1,708,000 inch-lbs., 
thout flitch — 

Mr= 144-r 6 X 10,000 X 6 = 1,440,000 inch-lbs. 

The increase in strength is, therefore, 18 per cent. With a 
►" X 6" oak beam, and a J" plate, the increase would be about 37 per 

lent. 

Cast-iron Beams. 

Cast iron as a material for resisting transverse stress is not to be 
recommended. The objections to it are enumerated in Chapter III., 
and need not here be repeated. 

Many fatal accidents have occurred through the sudden collapse 
of cast-iron girders in floors, and other places where they have been 
used. 

One advantage, however, of cast iron is that it may be cast in any 
required form, and therefore the cross section of the girder may be 
made to vary with the variations in the Mf at various parts of the 
Wm. There are also no joints in the structure to be a source of 
weakness. These advantages were considered so great in the early 
years of railway construction that many bridges were made with 
cast-iron girders. The failure of many of these (chiefly through 
kidden flaws in the casting) has caused this class of girder to be 
wholly prohibited for railway work, more especially as steel of suit- 
aUo quality can now be so readily obtained. 

Although not recommended for use, it is necessary to pay some 
attention to the principles of the design of cast-iron girders, as they 
^e still often met with. 

The difference in the resistance to tension and to com- 
pression in cast iron leads to a difference in the size of 
^he tension and compression flanges. 

The broad principles of design in metal of all kinds have already 
heen alluded to in a previous chapter, and may be briefly stated as 
Mows : — The material of any cross section is so arranged that it forms 
two tables or flanges at the extreme edges, where the direct stresses 
^e greatest, connected with a vertical layer or web capable of resist- 
^g the shearing stress. The size of the flanges in wrought iron or steel 



I 



I beams may be the Bamo, as the resistance of those metals to tenaioa 
. and compression is nearly the same. In cast iron the tension flange 
is made about three times as large as the compression flanje. 
Theoretically, the tension flange should be about six times as lar] 
as the other, but practically the proportion given is general 
adopted. The reason for this is tiiat with very small upper flangei 
there is no room for the load. 

In cast-iron beams there shoidtl be no sudden variation ia thi 
thickness of the metal, because the thinner parts cool aooner 
than the thicker, and tend to produce internal stresses in the bwm 
before the load comes on, and sometimes to causo hidden cracki. 
The thickness of the different parts should be such as to allow tie 
fluid metal to fill every portion of the mould before it has time 
lose any material part of its heat. 

The proportions which have been found to fidfil these conditjutia 
approximately are as follows: — For flanges of 2' in width, it ia not 
wise to have a less thickness than Ik", and for flanges IS" wide nM 
less than 1 inch, wldle for narrower flanges a somewhat less tluck- 
ness may be used. The thickness of the web should be the sameM 
the flanges, and the angles in all parts of the beam roundeil off 

Cast-iron girders seldom exceed 2' in depth or width, a deplhw 
y being uncommon. The proportion of depth to span should be 
generally 1 to 12, but never less than 1 to 20. The width of tl" 
top flange is usually taken as from -^jj to j'jj span. 

In calculation the principle of equal areas of resistance mentioned 

W^^^ t '" Chapter V. is followed. In this «b« 

1 the resistance of the web is ignored, »nd 

y it is assumed that the areas of the tension 

j and compression flanges (ttt. o-^, as wall w 

' breadths, are inversely proportioDW 

to their working resistances (rt, r^) m" 

to their distances from the neutral ao*- 

and that each flange constitutes an »M' 

Fig. 125. of equal resistance (Fig. 125). 

The Moment of Resistance may be expressed by the gBnar"" 



-0 ' 



leas accumtaly, but more easily, by the ana * 
.ultiplied by ita intensity of resistance, and by tb* 



expression 

either flan, 

distance between the centres of resistance of the two flanges, i.&' 



M, = n"j; = 'y'c'^- 



A 
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Hence for a beam supported at both ends and loaded in -the 
mtre — 
If W = breaking weight in tons. 

/= length in inches between supports. 
c?= distance between centres of flanges at central section in 

inches. 
rt = ultimate resistance in tension in tons per square inch. 
rc= „ „ ,, compression „ „ „ „ 

at = area of tension flange in square inches. 
«^c= ,) „ compression „ „ „ „ 

Then \ W/ = r^atd = r^c^. 

If r^ be taken at 6-83 tons, the lowest value given by Professor 
n«rin (see Chapter III.), we have W tons = 6*83 x iad-T-l, or, put- 

ig / inches into L feet, W == ^^— s — .* 

In this formula it is well to take a low value for rt, because the 
nnula has been framed on the assumption that the whole flange is 
:erting its full working resistance, whereas that resistance is exerted 
' the fibres at the extreme edge only. And as the metal in the 
2b is neglected, it is usual to take the depth d as the total depth at 
e centre, and not the depth between the centres of the flanges. 
The steps to be taken in the design of a cast-iron girder for a given 
an would then be as follows : — 

(1). From the given span determine the depth of the girder at the 
ntre from the proportion d = ^^ span. 

(2). Equate the Mf at the centre with r^atd. In this equation 
is the only unknown, and r^ should be taken as the safe tensile 
distance per square inch. 

(3). Having found a^, find the tuidth of the tension flange by 
ilowing the rules mentioned above for the thickness of the flanges, 
., find from the ascertained area and the thickness the width of the 
nsion flange. 

(4). Or, having a^ the area of the tension flange, make a^ the area 
the coinpression flange = one-third the area of a^. Then making 
e width of the compression flange = from -^j^ to ^j^ of the span, 
>tain the thickness of that flange. This thickness may be the 
•«ie for the whole cross section, though in practice it sometimes 
iries. 

* General Wray's Instruction in Construction^ p. 136. For safe loads take a 
wJtor of safety of \. 

L 




^ 
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(5). Keeping the areas of the top Sange and of the bottom flange 
constant, the depth of the girder at points other than the centre 
may be ascertained by equating the Mf at those places with r<ul, 
where r and a are constant, but li varies. 

(6). The above will give a girder that will approximately fulfil 
required conditions. The weight of the girder itself should be in- 
cluded in the calculatjons, properly speaking. To find the extra 
weight which must be added to the supported weight \V„ so aa to 
include the weight of the girder, we must first find the ratio between 
W„ and Wg=the weight of the girder itself, as approximately ob- 
tained above. Let W.lWgilJ';!. Then W, must be increased 
U^ + l), 

(■r-iy 

EXAMPLK 19. — Casl'iroR cantilepfr. i 

These are frequently used in balconies, the area of the upper 
flange )>eing constant, and the depth being varied from the point cA 
fixing to the outer end. In this case let it be assumed that t\%ji 
length of the projecting part is 6 feet, and that the load on tte:^ 
balcony is 80 lbs. per square font, the cantilevers being 5 feet ap^^^ 
It is required to design a suitable form. ^^H 

Let I = length, 72 inchee. ^^H 

([t = area in square inches of tension flange. ^^| 

''t = Bafe intensity of tensile resistiinco, i.e., I'5 tons per sqa^n^ 

rf = depth at fixing in inches. 
The total weight (dead load) on the cantilever it 



byy 



5x6>: 



= 2400 lbs. 



The Mff will be at the point of fixing, and will be 

5^; = ^ 24:00x72". 

This must be equal to r^Otd, where l■^ is the only kno* 
tity = 1-6 tons = 3360 lbs. We may find a value of n,, however, V 
considering the breadth as 3", and the thickness as 1". If we f5W 
these dimensions not suitable they can be modified, but they af* | 
at all events convenient for allowing room for the load. Then I 
r^id=ZS&0x3xd, and is equal to iW; = J2400 x 72, whence I 
d=8'25 inches. Make 8J inches. The depths tliroughout the 



expanding aeries of small 



a W.dne 



^ 
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remainder of the beam will vary as the Mf, i.e., as the ordiiiates of a 
parabola {see Case 3, Chapter IV,). The weight of the girder as 
up proximately designed can then he arrived at. For, the area of the 
compression flange b«ing one-thinl that of the tension flange, in this 
case it will be only 1" wide, i.r., the width of the flange-thiclcnesa. 

The approximate section will then be as in Fig. 12G, and the 
weight Wg of the girder will be^ — 

The weight of top flange 72" x 3" x 1" x 0'27 Iha, (weight per cubic 
innh of cast iron) = 60 lbs. The weight of the web (being in elevation 
a parabola, this will have J^ the area of the rectangle formed by the 
length and greatest depth) = ^ x 72" x 3^" x I' x -27 = 07 Iba. Hence 
total weight = 60 + 57 = 117 lbB.=Wg. Thus we have W, = 24-0O, 
and Wg =117, hence the ratio / = 14. Therefore the increment to be 
abided to W„ from the expression -^- —1 = 

Hence W becomes 2C00 lbs. 

"Taking this new value for W in the eqnation i\V/, ' 



;: X W. 3100 = 300. 



i26( 



-•riu£=l-5x 



Whence a = 26, say 3^ inches wide. 

"Xhe section of the beam at the wall is as shown in Fiy. 127, and 
e elevation in F'g. 12S. 



Fuj. 126. 



Fi;/. 12S. 

To ascertain the deflection, we must find the value of //, the dis- 
Mnce of the neutral axis from the extreme fibre. This may he 
found from the rulea given in Chapter IV., and in this case y = 3*4 
inches. 



I** 



iTWdeAeetionT^ 



, where ■ 



= 1. r = 1 -5 tons per eqi 



1-73 tndMi^ nd £^^6300 b 

Hcnee V»-3 tadtet, which u within the pennissible limits 



l<u« 



The okoUtioD of deflection with east in» is not very satisfi 
1 Utry, bowerer, on KGOunt of the raration that exists both in tl 
' teonle rtrragth and in the eluiticity of cast iroiL 

It unut be remembered that if the flange of the cantilever has j 
be drilled for bolt boles their diameter most be deducted in calci 
laUng the width of the flange. Usnaity the bolt holes are arrange 
in logs caat on at certain intenaK extra to the width of the fiangi 

The dimennons in this case trill give a far greater shearing resii 
tance than the beam nill be called upon to bear. The safe shearicj 
fgtwtanai of cast iron is about 2'1 tons per square inch. The wel 
in this case haa 7'5 square inches in cross section, hence it£ resistanc 
in 7'5 X '2'4 = 18 tons, and the actual shearing force is a little moi 
than 1 ton. The solid web might, therefore, be replaced by op- 
scroll work. 

fVrougkt Iron. 

The principles of calculating rolled wrought-iron or steel be^ 
bare already been considered in Chapter Y., and need not here 
repeated. Angle-iron and T-irou beams, irhen loaded transvers 
idtouU be calculated on the principles enumerated in that cliaptei 

K/ylled iron or steel beams are generally of uniform sec^ 
Uifotighout. Soinetimes more strength is given by riveting e 
pistes to the flanges, as in Fig. 129, or by riveting two togeihefl 
in fig. 130, or by forming them into a box girder, as in Fiy.g 
A* a rule, however, such contrivances are not economical of i 



/i/, J2!». 




Fiff. 1. 



tV' Urnil. *A dqith in such girders is about 20', h 



not, as a. rule, suitable for EpanB of much mora than 30'. Above I 
that span it is more economical to hiiilil up the girder with pUtes I 
and angle irons. The consideration of design of such stmeturea ia I 
neoBssurily deferred till the subject of joints and fastenings has been ( 
dealt with, and is dealt with in Part U. 

An advantage of rolled joists is that the ends can hefixfii with I 
advantage. The section is uniform, and the flanges arranged to take 
either tension or compression. 

In selecting a section from a manufacturer's catalogue, it would 
he advisable to choose {!) for stifl'ness a deep section with broad | 
flanges, the breadth of the flange being from ^'(j to ^'j of the span, 
and (2) a section with a thin web. 

The following table, tiiken from the handbook of Messrs. Dorman, ' 
Long and Co., of Middlesborougb, shows the weights, dimensions, i 
ij Moments of Inertia of various sections. 

Table XX. 
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is sometimes necessary to use ordinary rails as beams under 
traiisyerse load. 

^t is possible to find their Mr by taking an accurate cross section 
and tj i-viding it into equivalent rectangles, and thus ascertaining the 



vain. 



e of I. 
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An approximate and very fairly accurate idea of the recistanee, 
however, may Iw inferred from the conraderatioiu of the a 
proportions given to railway rails. 

U S = the weight of the rail, ae aenally stated, in lbs. per yard ^ 
A = the area of the cross section in sqnare inches. 

Then A y '388 = the weight of one inch in length of the rail, 
■teel weighs '286 Ih. per cubic inch. 

But the weight of one inch in length = ^ . 



Now the proportions of the areas of the cross section in average 
rails are :— Top flange, 3. Bottom flange, 2. Web, 16 . The flanges 
conibined:web:;3'13:l. 

The area of the bottom flange, therefore, is — ='3, or J of the 

total arcja= jT or wg approximately. This may then be siibstitutcd 
for If in the usual formula for the resietance of a rolled beam rnd. 

Further, as the usual depth in English raila ia 55", and as the 
safe Modulus of Rupture for steel ia 6 tons* per square inch, we may 
substitute for (/ and r 5'5 and 6 respectively. Thns iiiil becomes 




:5-5 = - 



which, for approximate calculations, may be taken aE = S. 

Approximately, therefore, the safe immeiil of resisUmire in irich-ti/iiii 
for an ordinary English rail = the ueighi in Iha. j.-cr yurd ran. 

This may bo expressed in tciTos of the safe weight in tons on the 
centre. In such a case the M|t = -;f . Hence \V= -j- where I is 



expressed in inches. 



For instance, n 0011 



I 
1 15' span could bear 



Where the depth is not o'S" w} becomes 



milil steel will almost 
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Example 20. — A casemate 10' span is covered mth 3' of concrete {at 
130 ^s. >peT cubic foot), and 90-/6. rails are to be used for supporting 
them. How far apart should they be ? 

Let 2= distance apart. 



Then 



W = 10 X aj X 130 X 3 -f- 2,2 40 = 1 •74a; tons, 
Wl l-74a;x 10x12 



^ff=-^ = 



= 26-2a;, 



8 " 8 

ra^ = 90 = Mft = 26*2a;; 

a; =3-45, 

say 3' apart. 

As the ends of the rails would be probably fixed by being built 
into the concrete, they might really be plaQed further apart with 

safety. 

A table showing the values of bd^ and bc^ for different dimensions 
<n timber ordinarily used is here given. From it one can select a 
suitable scantling for a given value. 
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CHAPTER IX. 



Tension and Comprkssion Bars. 

Tension Bara or Ties. — Comprtisaion Bait — Flesure of Long Colna 

Radius of (iyration. — Failure by BeniUng anil CniBlung Combined.-*^ 

feasor JoknsoD and Mr. Claxton Fidler'e InveBtigationB. — "Gl 

Col a mns.— Effect of End Conditiooa. — Summary of Invest igation.—/' 

biued Bending and Direct Stresses. — General Deductions. — EiamEll 

Appendices. 

In the beams hitherto Considered, the stressos have bei 

pound character, i.e., the intDsverse stress produces compresric 

in the fibres at one side nod tension in those at the other. 

have now to consider the effect of iliTeci strestfs, either tension ( 

compi-ession, where the direction of tlie torce is no longer, as inti 

eases previously considered, at right angles to the axis of the hem 

but parallel to that axis. In a truss, for instance, the various pi 

are arranged so that certain members bear one form of stress, at 

others a different form, hence it is necessary to examine tlie b( 

form of structure calculated to withstand these different kinds i 

direct stresses, as a preliminary to the design of trusses, cohuoD 

and braced girders. In such design it is evident that there miutl 

three operations, vix. : (1 ), to ascertain the amount, nature i 

direction of the stresses which each member lias to bear; {i\ 

design the mem1>er so as to bear the stress in question safely; n 

(3) so to design the joints or fastenings of the various porta t 

there shall be no weakness at that part. 

In this chapter we shall confine our attention to the second: 
tlieso ojierations, k^aving the others for future consideration. 

Tkssion Bars, or Ties. 

If » hiur it) subjoct bi M force tending to pull it apart, and if li 

nMl«H») of the twr be homogeoeous throughout, the resistance tot 

{ittll Hrisiiig from the mauwl c(Acsion of one pmtJcle of the matoi 

with thitt iii'Kt to it will lie uniform for «ach unit of the area of i 



cross section, provided the application of the force coincide with the 
axis of the har. Under these conditionB, therefore, there is a 
series of eqiiul forces r, t, t, t, resisting the total force P (Fig. 
132), and if A be the area of the cross section of the bar, and r^ the 
resistance per unit of area of material — 



P = A X r, 



.(1). 



There arc, however, in this reasoning certain aasumptiona which, 
in practice, cannot always bo relied npon. Few materials are 
homogeneous, and it is not ahvays possible so to arrange the fasten- 
ing of ties as to bring the pull exactly coinciding with the axis of 
the bar. The result is unequal distribution of the resisting force, 
as indicated in Fig. 133, and less ultimate strength for the bar as a 
whole than would be obtained from the application of the rules 
given above. 



^ 



Fiff. 132. 



Fig. 133. 



In timber especially is it necessary to bear this in mind. The 
s on the ultimate strength of various timbers gii'en to us 
tbooks have been in most cases made on sraall specimens of 
^homogeneous material, such as would rarely be obtainable in 
HcantlingB. Hence the necessity for an ample margin of 
safety. 

It is evident, also, that where the area of the cross section at any 
part of the bar is reduced by holes, such as those required for bolts 
or rivets, the effective section is proportionately re<luced. In Fig, 
134 the cross section at D is clearly the weakest in the bar, and it is 
there, if anywhere, that rupture will take place. If several holes be 
lade, as in Fig. 135, the question will be whether rupture will take 
lace at right angles to the pull or along the zig-zag line of the 
lole, i.e., along ahcdef. Experiment has shown that fracture will 
ike place along that part where the area is a minimum. 




If the stress be applied un symmetrically, the intensity 
of resistance will no longer be uniform, but will be greale 
near the point of application than further away, hence, if the fores it 
appliod through a bolt op other fastening, which passes through itt 
bar eccentrically, as in Fig. 136, the bar will reach its ultimate liinil 
of resistance sooner than would be the case if the pressure wort' 
applied centrally. It should be the aim, therefore, in the design of' 
tension members so to arrange them that the necessary parti' 
removed for connections are grouped symmetrically to the mMBi 
fibre. If this cannot be done it is necessary to increase the seetioB, 
slightly. 

Where the end connection ia a screw, it should be borne in mini, 
that the effective section is t!ie area at the bottom of the threads. ; 



— Z5 

Fig. 134. 



Fig. 136. 

Generally speaking, in tension members the points requiring pcifc 
tical attention are the arrangements for the fastenings, a subject W 
he dealt with in detail in a later chapter. It is at the fastening tlitt 
such membera usually fail, tlie main part of the bar being usual^ 
stronger than the joint. 

CoMPRKSsioN Bars. 

\Yben we come to investigate the resistance of a bar to cnishiif 
we find ourselves face to face with a much more complex probtaH 
than the case of a tension bar. 

In order cloai'ly to understand this problem, it is necessary to 
Iiave a clear conception of what constitutes failure. 

The compression members of a structure may have almost apj 
dimensions between a slender column and a Hat plate, and the coo 
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ditions of failure in one case are different from failure in the other. 
In the slender column, failure may be said to take place when it 
bends or deflects from the direction of the force, corresponding to 
the original axis of the column. In the case of a flat plate, failure 
cannot be said to take place until, in the case of such materials as 
cast iron or timber or stone, the material is split or broken, or, in the 
case of plastic materials as wrought iron or steel, the miatcrial bulges 
by the displacement, but not separation, of the component particles. 

Inasmuch as it is impossible to squeeze two particles into one, 
there can be no such thing as failure by direct compressive force, 
and the only wa"y whereby we can conceive of failure is the lateral 
motion of particles in some way or other. We know that even with 
the most friable material, such as sand, where there u little mutual 
cohesion, almost any amount of compression can be brought to bear 
upon it, if only it is prevented from escaping laterally. So if we 
consider a thin plate of metal, there is hardly any limit to the load 
it will carry, for the interior of the plate is prevented from spread- 
ing laterally by the surrounding portions. 

If we pass, however, from short plates to long columns, we find 
that the column finds relief from the compressive stress by lateral 
bending, which for practical purposes means failure. 

What we require to ascertain in the case of any stmt is the force 
that will cause that stmt to fail, either (1) by the disintegration of 
the particles, or (2) by bending, or (3) by both causes combined. 

In very short columns or cubes, the practical measure of their 
strength is the force that will just produce failure by bulging or 
splitting, or other separation of the particles.* The intensity per 
square unit thus found from experiment is shown in tables as the 
^pressive strength of the material, and is usually indicated by the 
symbol re. 

Numerous tests on the rupture of long columns have shown that 
'ne load causing rupture is approximately inversely proportional to 
*e square of the length of the column. 

It was formerly customary to divide all columns into two classes, 
^^'i "long columns" and "short columns," the difference being 
determined by a consideration of the ratio of the length to the least 
fliameter, and to calculate the " short " columns from the formula 

P = rcX A, 

'here P = the force crushing the beam, A the area of the cross 

♦ See Fig. 39, Chapter III. 



section, and r, the compressive Etrength per square i 
columns " were calculated by another formula, based o^[^ 
investigation, and giving very different results. The defihm 
"short " as compared with a " long " column was as follows :- 

For timber, a " short " column was one where the length i 
greater than 20 times the least dimension of the cross sectii 
cast iron the length was not greater than 5 times and for w 
iron or steel the length was not greater than 10 times, thi 
dimension. 

It is evident that this method of reafioning is contrary to co 
sense, for there can be no abrupt change from " short " to " 
columns, nor from one method of failure to the other. In . 
Plate II., the absurdity of this reasoning is apparent from the g 
representation of the ultimate resistance of a column of timbe 
vaTHous ratios. If the strength of a timber post, say 10' 
6" X 6" square, be represented by AC, its strength cannot, 
10' 6" long, suddenly drop to BC Yet the post in the one c 
according to the above definition, a "short" column, in the 
case a " long " column, 

A gradual diminution of the resistance per square inch c 
consideration of the increase of the ratio of length to least c 
sion has been empirically atrived at for timber struts, and is (\ 
in the Indian M.W.D. Handbook. Though not theorcl 
accurate, the resulting formula are approximately correct, an 
useful for practical purposes. The formulie are as follows :— 

When I is leas than 8/(— 



P = r, 

, between Sh and 12/i — 



P.J, 



p-i 



^-\ 



Fig. 3, Plate II., shows the graphic i-e presentation < 
formuiic. 

The accompanying table (XXIII,), worked out by Captain 9* 
late R.E., gives the ultimate resistance of long columns of B' 
deduced from experiments by Mr. Kirkaldy. 
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Table XXIII. 

Tlltimate Resisfawx of Long Columns of Riga Fir. 

-- — i^ , — ; ji = inteasit7 of pressure in cwu. per square inch that 

will break column = ^ in Gordon's formiils, or total ultimate presBure 
TBBction»larM. 



"J" 


Orii}l'im.lia 
■qunlnch. 


i 
d 

End) 
Boooded. 


OruKlaaW- 


End* 


Or uftinuM 
■t|UU« Inol.. 


5 


20 -O' 


24 


9-3 


46 


cwU. 
3-8 


6 


19-3 


25 


8-9 


43 


3-6 


7 


18-6 


28 


8-5 


50 


3-3 


8 


17-9 


27 


81 


52 


3-1 


a 


17-2 


28 


7-8 


54 


2-9 


10 


16-7 


29 


7-5 


56 


2-7 


11 


161 


30 


71 


58 


28 


12 


15-5 


31 


6-8 


no 


2-4 


13 


149 


32 


6-8 


62 


2-3 


14 


14-4 


33 


63 


64 


2-2 


15 


13-8 


34 


CO 


66 


21 


IS 


la^ 


35 


6 8 


68 


2fl 


17 


12-7 


36 


3 6 


70 


1-9 


18 


121 


37 


C'3 


72 


1-8 


ig 


11-6 


38 


5-1 


74 


1-7 


20 


ll-l 


39 


4-9 


76 


1-6 


21 


10-6 


40 


4'8 


78 


1-6 


a 


10-2 


42 


4-4 


80 


1-4 


_a 


9-7 


44 


41 


82 


1-3 



1^ Table was drawn up by Capt. H. R. tjankey, R.E., from the formula 

P~— ' :m (similar to Gordon's), deduced from estperiments by Mr. Kirkaldy 
E00 + - 

v^1.B. Corps Papers (New Series), Vols. XXII. and XXIII.). 

'M wlnmns with flat ends the value uorresponding to Ao^ the ratio ot 
■°°gtti to leut dimension should be taken. 






FImuia of Long Columns. 

The following remarks oa the flexura of long struts are talce^ 
from Mr. Claston Fidler's Treiifise on Bridge Constnidion :^ 

" The bending of a long elastic strut may be illustrated in a veiy 
familiar way by the beharioiir of an elastic walking cane under thft 
vortical prosBUre of the hand. If wo take Ol perfectly stTaighi 
vith a round head, and apply a gradually increasing pressure upoS. 
its top, using the sense of toiich as a measure of the force applii " 
■we find, that up to a certain point, the cane offers a solid and i0^\ 
vui/ieldittff resistance to the pressure ; but when it does give way ii 
gives way all at once, and the cane may be bent double, or perhajx 
broken, without any further incyeiwe of the pressure, but only by th* 
continued application of the same pressure following the depressioD 
of the head. 

■'But if the cane is not iierfecthj straight, or if we apply tlie 
pressure eccentrically upon a tee-headed stick, its beha^oiu' will hi 
quite different ; the resistance will never have that solid unj-ieldii^, 
character before noticed, but the deflection will begin at once, and 
from the first application of pressure the reas- 
tance will be felt to be an elastic resiaUnce, 
increasing continually with the increasing de. 
flection of the cane." 

Let lis suppose that we hare a bar which itj 
perfectly straight, of material that is 
homogeneous throughout, and where the 
coincides with the line of pressure — such si 
as is termed by writers on this subject 
ivleal column"— and let us suppose that' 
subject to a compressive force, as indit 
Fiy. 137 by P, then there will he 
the bar h certain resilient force E, which 
pond« to'tlie spring of a bow, or I 
the string. The behaviour of the bar 
»9 follows : — 
(I). As loiig w r is less tlvui It certain quantity R, there 
no deflocUou. If iKteml pressura is itppUed to the bar it will dt 
but if th*t Ul«ml force is XTitltdntvm, the bar wiU straighten 

(3). I( P i« incw«»i unlit it is eq«»l to R, the load will wA\ 
awoo d^Awti^Mi. IkU »nj-. ^wn ,he smallest, force applied toj 
middle of lht> 'trul will W sufficient to cause it tc bend, and ifr 




wm. 



Fig. 137. 
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»rce be now withdrawn, the column will not now be able to 
raighten itself. 

(3). If the force P be still further increased the column will be in 
state of unstable equilibrium ; it will bend in some direction with- 
►ut the application of any lateral force, and will continue to bend, 
)r be broken. 

What we evidently want to find is the value of the resilient force 
R. This value has been ascertained to be expressed by the follow- 
ing:— 

R = EI^^ (7), 



which is known as Euler's formula, from the discoverer who pre- 
sented it to the Berlin Academy in 1759. It is sometimes written 

P = ^-rr2 (8)> 



© 



where E = modulus of elasticity of the material. 
/ = length of column. 

j?= pressure per square unit, i.e., - . 

/;=least radius of gyration of the cross section, Le<, a/—, 

I being the least Moment of Inertia, and A the area, of 

the cross section. 
This last teim is defined as follows : — 

Suppose a body free to revolve round an axis which passes 

through it in any direction. Then suppose a certain given amount 

of force to be applied to the body at a certain given distance from 

the axis, so as to impart to the body an angular velocity, there will 

^e in the body a certain point, such that if its entire weight were 

concentrated there, the same force as before, applied at the same 

distance from the axis, would impart to the body the same angular 

velocity. This distance from the given axis is the radius of gyration* 

In the case of areas the surface is supposed to revolve round the 

neutral axis of the area. In a circle the radius of gyration remains 

the same, no matter in what direction the neutral axis may be 

* For proof that this= a / — > see Appendix I. to this chapter. 

m2 



For other forma of cross section it is necessary to asoertain the 
least value of I (see Table XVII., Chapter V,, for ordinary forms) and 
divide by the area. The square root of the result gives the value 
of the radius of gyration. 

The proof of Eider's formula is given in Appendix II. to this 
chapter. Other proofs havo been given by various scientists. 

From formula (8) it is possible to represent graphically the 
breaking weight of ideal columns concentrically loaded of diCTereiit 
proportions, by a curve drawn as in Fig. 138, where the horizontal 
line represents values of tlie ratio l\k, and the vertical line shows 
Iba. per square inch. Ordinates drawn from the horizontal line to 
the curve indicate the value of p for that ratio of I to k, measured 
to the curve. From such diagr'ama as those on Pkite II. it 
will be seen that it requires very little force per square inch to 
bend the column when the ratio of I to A is very groat, hut this 
increases very rapidly when that ratio is reduced, and that it 
requires almost infinite force to bend a column when tlmt ratio 
approaches the state of affairs in a very short strut. We know, 
however, that if the compressive stress exceeds a certain amount, the 
material will fail by bulging or splitting ; hence, if we mark upon 
the diagram the line AD, indicating the ultimate resiatance per 

Punit to crushing, this line will indicate this alternative limit 
strength of the stmt, and the line ABC will represent the 
of the strut. 




Sucb graphic representations are very convenient for comparison 
(^ results obtained by various investigations, and this method of 
gbowing the strength of columns is shown on I'lale II. 



I 
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e % Bending aiul Crushing CnmHned. - Professor Jok-nson's, 
and Mr, CUw^mi FidWn Ineeiligalii/as. 

In the irivestigfttion above we began with the assnmption tbttttht 
column was perfectly straight, homogeneoua and centrally loadeil 
It is Heedless to say that such a corabinatiou of circumstances never 
really occurs in practice. It has also been assumed that the coliima' 
is free to move round its ejid bearings, as woidtl be the case if ib 
wore fastened at both ends by peitectly frietionlass pin connections. 
This, too, is an assumption not met with in practice. We shall con- 
sider the verj' important practical matter of the fixing of the enilB 
presently, but for the present may put that question on one side^ 
and direct our attention to the consideration of the effect of the 
load being eccentric, or the material being heterogeneous. 

In such a case the column will be subject to compressive stress 
from three causes,* after bending has begun ; — 

P 

(1). From the uniformly distributed stress, '\; = t " 

(2). From the bending moment caused by the eccentric ]»osition 
of the load. If j; be the eccentric displacement 
1^ (Fig. 139) then 



C 



k 



where r,,' is the (compressive) stress intensity 

due to the eccentric position of the load. Hence 

,_Pfy_Fn/ 



.,ehave r'=t5f? 

Fig. 139. " k^ • 

where k is the radius of gyration. 

(3). Tlie two above causes will operate until bending actually 

begins. After this point a third cause of compression comes into 

play, viz., the increment of moment due to the deflection. Here 

the case differs from that of a beam transversely loaded. There the ■ 

load sinks with the deflected beam, and no increase of moment ia ' 
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caused by the deflection ; but in the case of a column, the position 
of the load remaining the same, every increment of deflection causes 
increase of the Mf, and therefore of the M^. The value of the in- 
crease in the intensity r^' can be found if we know the value of the 
deflection, for if if be that value, then P {v-\-v') = rc"I-^y, But we 
do know the value of the deflection, inasmuch as it is that due to a 
uniform load throughout the whole column, and is therefore ex- 

pressed by the formula v =-^^ ^ (Table XIX., Chapter VII.). 

Hence it is possible to assign to Vq" a value in terms of known 
quantities. When the bending is such that the elastic limit/ of the 
material is reached, we have 






T = 

'c 



lOE V^ 

For proof of this expression see Appendix III. 
Hence the total compressive stress at the elastic limit, that is, at 
the point of failure, is 

Whence f 

i+_^y.+/z!:c_(iy (10). 

k^ lOE ^kJ 

This formula is that given by Professor Johnson, of St. Louis, 
U.S.A. He says, "This is a strictly rational formula, with no 
purely empirical constants, for a column free to revolve at the ends, 
and will give good results. It must be solved by trial, since Tq is 
found on both sides of the equation. If y = ^k, which is about the 
ordinary ratio, and if /= 34000 for wrought iron, and 42000 for 
steel, with E = 27,000,000 for iron and 28.500,000 for steel this 
formula would become 



V = 



34000 



4 V 34000 - 



^ "^O"*" 270,000,000 "^^ 
for wrought iron, and 

42000 



?^u(lV (11) 



^c = 



4v ^ 42000 - re f I Y (12) 

for steel. 



. _ -c /^Y 

^ "^ 3 yfc "*" 2^5,000,000 V ^ / 





"These woold apply only to columns pivoied on knife- 
■ would not apply to rounded columns, because the 
application of the load shifts ua the column bends. They 
not Apply to a hinged, or pin-connected column, becatise the 
tance to motion here is very considernble, which greatly i 

tttte strength of the column by preventing lateral deflection. 
"The second term in the denominator „ must iiiclndo all effecU 

of initial bends or Idnks in the column, and differences in the modoKj 
of elasticity of the elementary forme of which it is composed, 
well as eccentric position of load. The.se are usually unknown 
Functions, and hence this term cannot commonly be evaluateil. If 
this term be omitted,* and a constant empirical coefficient used for 
/■ 



, in the next term we b&vt 



P=- 



^ 



..(13), 



I 



which is commonly known as Gordon's or Eankine's formula." 

Gonlon's formula is that which has been principally used in tha 
oouiitry for long columns. It is usually expressed slightly differently 
'from what is given above, vii. : — 



where P = total breahing pressure on the column in lbs, or tons. 

rr = intensity of resistance (in lbs. or tons) to cruabingof ^ 
cube of lie material. 

<j<= least transverse dimension of the column. 

J = length of the bar, iu same unit sf d. 

(I = empirical constant. 
The ^-alue of n varies both with the material and with the shape of 
the GoItmtQ. Table XXY. gives some of these values. 
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Table XXV. 
Table of the Values of Coefficient a in Goi'don's Formula far Struts. 







Value of Vc 


Values of a. 






Form of Strut. 


Ultimate 
Resistance of 
a Small Cube 
to Crushing 

Tons per 
square inch. 








Nature of 
Material. 


Ends flat 
or fixed. 


ill 

«i3 


One end 
round, the 
other fixed 


Authority. 


Wrought Iron 


L, T, channel, 
I, and square 
hollow. 


19 


9^0- 


TT^ff 


sio 


Prof. Unwin. 


>» 


Hollow round... 


17i 


ybVit 


i»lo 


aooo 


}i 


}) 


Solid round . . . 


16 


tAtt 


z-k-u 


nVi) 


)) 


»» 


Solid rectangu- 
lar. 


16 


irxiW 


iljs 


T^Z 


>» 


Mild Steel ... 


Solid round ... 


30 


T^inr 


vh-u 


ri^r 


Sir B. Baker. 


)) 


Solid rectangu- 
lar. 


30 


■5 A (7 


ziff 


1 8*y ff 


II 


Dry Fir 


Solid round ... 


2i 


TTTT 


A 


i&? 




)) 


Solid rectangu- 
lar. 


30 


liiF 


^ 


t\u 




Cast Iron 


Solid round . . . 


35f 


T^ 


jhs 


tStt 




If 


Hollow round... 


35| 


l^TT 


•a^TT 


IH 




'« r r>*t 


in* 11 1 • 


J • J ' 


1 j'l 




t 


1 



tively, with a view to ascertaining some expression which would give 
the breaking stress under the worst conditions of unequal, i.e., most 
eccentric, loading, and variety of elasticity. His formula is as 
follows : — 

P- p+/-N/(p+/y-^-Vp(i-0) 



2(1-0) 



(14), 



where P is the load that would produce any stress /, p is the value 



of the resilient force as found from Euler's formula, i.e., 



/2 



, and 



18 a symbol used to include the expression ^ | ?2 — !^^ where e^ and 

w K 60 "T" e-i 

^ represent the variations of elasticity in the edges of the cross 




} 




section. It haa been found that with the extreme variations a 
Modulus of Elasticity the value of ^ varies from 0'3 to O-i. 

Curves traced from this formubi for cast iron, wrought iron and 
1, both with rounded and with Bxed ends, are given in Molesieorlk's 
I Pocket Book, pp. 121 and 132 (Edition 1893). 

As this Bubjeet is of importance, it is necessary to consider it 
[ further. 

Fig. 1, Plate II., shows by the curve AE the brealcing load of a 
column of mild atcel with pin ends, as obtained from Fidler'a 
formula. The breaking load of an ideal column, as ascertained from 
Euler's formula, is also shown hy the curve BTC. It has been found 
by experiment that in almost any given case the stress-intensity 
that would cause failure in a column, or a series of columns, wiJI 
not be represented by the ordinates drawn to either of these curves, 
but will fall wLlliin the area ATCE. 

For a theoretically perfect column and concentric load, failure 
would occur along tho line AT, and then along the curve TC, as the 
ratio oi I'.k increased. In other words, the column would tall by 
direct crushing up to a certain ratio of I'k and beyond that point it 
would fail by ben ling But if there wore any e(.centricity of load, 
or any want of homot,eneitj lu the column the failure would occur 
by combined ben ling and crushing and its strength would he 
represented by some ordinite below \.TC but t>ove AE, within the 
area ATCE. 

This consideration has su^i^ested the idei to Piofessor Johnson 
that it would be possible to obtain the equation to a curve having 
its locus centrally situatel in ATCL which i^hde satisfying the 
theoretical requuements for ^ery long and \ery short coliimni 
{about which there is no lifficultj) would gno generally true results 
for the interme hate len^thb w here the vahie f / k varies between 
50 and 200. He proposes to consider this cuive tangential to 
Euler'a, where l',k= 150, and with its apex at the elastic limit of t] 
metal (see Fig. 1, Plate XL), aud the equation to it is 

In this case i is a constant varying with the materials a.nS 
method of fixing, / is the elastic limit for the material, p is the ■ 
in lbs. per square inch. 
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For ordinary lengths, mth a factor of safety of 4 ; — 

Wrought-irou pin ends p= 8,500-0*17 (-j\ (15). 

„ *„ fixed or flat ends;? = 8,500 -0*11 /"jV (16). 

Mild steel pin ends ^=10,500-0-24 (^A (17). 

„ „ fixedorflat ends ...;?= 10,500 -0-16 (^Y (18). 

These formulae are very easily applied. The resulting values for 
naild steel pin ends are shown on Fig. 1, Plate IL, and may be 
compared with Mr. Claxton Fidler's results. 

Other Formulce for Long Columns. 

Other general formulae which have been proposed are : — 

(1). Mr. T. H. Johnson's straight line formulae. This principle 

vas proposed in 1886 as an approximation instead of the curve 

mentioned in the preceding paragraph. . 
The formulae are very simple, and easily applied, but they give 

too great values of the ultimate strength for the shorter lengths. 

The results are shown on Fig. 2., Plate II. The formulae are as 

follows : — 

_ I 

For wrought-iron hinged ends ... ... p = 42,000 -157?. 

» „ flat ends ;? = 42,000- 128 r. 

For steel hinged ends ... < ... ... ^ = 52,500- 220 r. 

I 
» „ flat ends ... ... ... ^ = 52,500-179 7. 

(2). Professor Merriman in 1889 proposed a formula which is 
used by some engineers — 

P T 

« 

Here the notation is as previously used in this chapter, ?n= 1 for 
■ottnded ends, 2 J for one end round and one fixed, and 4 for both 
fflds fixed. 



This formula is derived from a proceas of reasoning n 
eame as that of Professor Johnson in Formulie (15) to (l4 
!.«., Eankioe's and Euler'a curves are both taken as correct 
intermediate curve tangent to both is represented bj' the foJ 

This formula apjiears to be based on unsound prem 
Eankine's is only approximately true), and it is, moreover, c 
to use. There appears, therefore, to be no advantage ii 

Fig. 3, Plate II., shows graphically the results obtained by J 
formulie. 

Timba- Columns. 

On Fig. 3, Plafe II., are shown graphically the values of the J 
per square inch on columns of red fir (piniis sy/i'ifrfris) a 
from (1) Gordon's formula; (3), the approximate rules fromfi 

M. W.D. Handbook ; (3), the old rule of short columns up to t =3^! 
(4), Euler's ideal column ; (5), Capt. Sankey's investigations (^ 
XXIII.). A comparison of these values show that evidently (2) In, 
been based on (1), that both (1) and (2) are apparently on them 
side as compared with (4) and (5), and that (3) is quite inadmisnllM 
On the same diagram is shown results for "long-leaved yellow piofl- 
and " white oitk," as worked out by the following forraulie 63 
Professor Johnson, based on the principle above described, wherafej 
he obtains a mean value between the ideal column of Enler and tfw 
column of greatest eccentricity, viz. :— 

Long-leaf yellow pine ^ = <6n ;> = 4,000 -0'8 (Jf. 

White oak, flab ends 2=<60 ^i = 3,600-0-8 Q'. 

Unfortunately, the American habit of giving local and not acientifi* 
names to the timber has deprived these formula of much of thoJl 
comparative value. Taking them, however, as fairly represeiitativi 
of soft wood, we see that they represent a value for many ordinuj 
ratios far in excess of those obtained by the M.W.D. formulie. 

At all events, the latter are on the safe side, and may be taken foi 
all practical purposes as fairly satisfactory. 

Effect of End GondUioiis. 
Aa in the cMe of a beam loaded transversely, so also in a colurai 
1 which the ends are secured has a great influence 
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the resistance which it is capable of aflfording. If the ends are 
hinged or rounded, as in Fig. 140, it will bend as indicated, but if 
the ends are fixed or flat, the bending will be as shown in Fig, 141. 
One end may be fixed and the other rounded, as in Fig. 142. It 
has been stated above that a bar is very rarely perfectly hinged, but 
it is equally true that a bar is often assumed to be perfectly fixed, 
when in reality its fixing is very imperfect. It may be fixed as far 
as its attachment to the member of the truss at its end is concerned, 
but if that member be free to move, the result will not be so stiff as 
if the fixing were perfect. If the end of the bar is flat, as in the 
case of a timber post or cast-iron column, the ends may be considered 
as fixed, though probably there may be some imperfection in the 
fixing. 




, Fig. 140. 





Fig. 142. 



A bar that is fixed is stronger than one that is rounded in the ratio 
of 4 to 1. A bar that is fixed at one end and hinged at the other is 
stronger than one that is hinged at both ends in the ratio of 2* to 1. 
As a rule, columns are considered either as fixed wholly, or hinged 
at both ends. The other case is a mean between the two. 

In the construction of trusses of iron or steel, therefore, it is 
important to bear, in mind that the ends of struts, if feasible, should 
be fastened by at least two bolts and rivets. If fastened with one 
rivet only, they must be considered as hinged only, for although 
friction prevents them from moving freely round the one rivet as a 
pivot, yet the amount of that friction is so indefinite that it cannot 
he allowed to enter into calculations, and the weaker condition must 
^e taken. 
It is also important that the load should be brought as concentri- 

* Professor Merriman considers 2J. 




Fig. 143. 
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cully as possible on the atnit by means of the end connections. For 
though it is generally assumed that the strut will bend, if anywhere, 
in the direction of the least dimension, yet, as a matter of fact, if 
the lottd be brought to bear in a very eccentric direction, the bend- 
ing may take place in the direction away from the loud, even though 
that may not be in the direction of the least dimension. 

In the case of pillars of timber and of cast iron it ia important to 
see that the ends are tniiy square. In the 
e of a timber post carrying a bressumer, as 
in Fiij. 1 43, with a mortice and tenon joint, it 
mportant that che end of the tenon does not 
reach to the bottom of the mortice, but that 
the weight be borne by the shoulder of the 
tenon, and thus tend to bring the load con- 
centricallj' on the strut. With caat-iron pillars 
it is sometimes customary to specify that the 
is shali be planed. If not, and the pillar 
ia based upon a stone slab or cube, it ia a salutary precaution to 
lay a layer of some material as Portland ceraent mortar, or lead, 
BO that all inequalities may be filled up and the weight distributed. 

It must be remembered that the least dimeiiMoii of a Beclion is the 
loaat tranverse dimension of the rectangle, triangle, or other figure 
circumscribing the section. These are generally indicated on Table 
XXVI. The correct investigation, however, woidd be to find the 
value of the least mdiiis of gyration of the cross section, as in Table 
XXIV. 

Summary of the Foregoing Imenligntion. 
To sum up the foregoing points : — 

(I). Struts, columns, etc., may fail either by crushing, bending, or 
By crushing and bending combined. If the length is relatively short 
they will fail by crushing, if the length is relatively long they will 
fail by bending; but it is not practicable to determine any point 
where the one method of failure will cease and the other begin, for, 
OS a matter of fact, both of investigation and of practice, many will 
fail by a combination of both causes. 

(2). It is possible to investigate the failure of ideal columns, when 
the material is perfectly homogeneous, and the load absolutely con- 
centric, and to represent such failure by me^is of curves both for 
struts fixed and hinged. 

(3). It is also [wssiblo to investigate the failure of stniLs. under 
the moat unfavourable conditions of eccentricity of load and variation 
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>f elasticity, and to represent such fiiilure on the same graphic 
dii^ram as the curve mentiuned in (2). 

(4). Although no one formula will tell us exactly the behaviour of a 
Btnit under any given conditions, we may ascertain from an inspection 
of the graphic diagram that its ultimate strength will fall within a 
well-defined area, via., that contained between the curves showing 
the behaviour of the ideal column and that corresponding to the 
column of greatest eccentricity, etc., and approximate formulie, based 
Dn average results, may be applied to all ordinary cases. 

(5). The end condition of the strut has a most marked effect on 
ts strength, as upon this condition depends the tendency of the 
itrut to begin to bend. 

(6). For timber, the rules given above from the M.W.D. handbook 
ire practical, correspond sufficiently closely with theory, and may 
>e adopted in all ordinary cases of construction. 

(7). For wrought iron and steel the following table (XXVI.) 
iviU be found to cover almost all the cases of construction in bridges, 
roofs, etc. This has been based on Professor Fidlcr's formula (14), 
and is probably as accurate as is practically possible :— 







T.iBLE XXVI. 






Skowing Strength uf Columns of Oast Iron, WrowjU Iron, and Steel. 
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k 


= least radius of gyration, i.e., the square root of Moment 
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Complied Bending and Direct Stresses. 

A tension or compression member may be subject to bending or 
I tranverse atresa, either from its own weight, if in a horizontal 
I position, or from some tranverae load. In all such cases the member 
I must be calculated for both direct and cross-bending stress. 

It may be remarked that it is not economical to subject a member 
y to combined atresaes of this deacription. The streas on the extreme 
f fibres will be the governing fiictor in the calculation, while there 




I 

I 



will be 
ulilized. 

The ofTect of a transverse load is to [inxlitce .-i deflection 

©ffecl of direct loading is to increase the deflection, if acting s 

compress the member, wbilo the reverse is the case with a 

force. It ia possible to obtain a geuera,! formula, wbich will 

account of both the direct and ti'aiisvei'se stresses combined. 

Let M^ = bending momont at point of maTimum deflection, bm 
cross-bending extenial forces, and from eccentricity «f 
position of longitudinal loading, 
ii=ittaximu]n deflection of member from all causes acdng 
simultaneously, 
M, = bending moment from direct loading ; Pinto its arm =Pi^ 
P = total direct loading on member, tension or compressiw, 
Tj^unit stress in extreme fibre from bending alone, 
'■4= .. 1. i" member from direct loading, uniforaly 
distributed = P -i- A, 
and other symbols, I, y< S and I having the same meaning as iilwaj^ 
then the deflection in terms of the stress in the extreme iibre is 
found from the general equation 



The value of n' in ordinary cases in practice may be taken as -nr. 

Hence the general relation between the deflection of a beam ui^ 

Uie stress iutonsity of the extreme fibre may be expressed by tJifl 



10^' 
nder consideration the M, will be the sum of the 

(he (x>sitjve sign being used vhen the member is under compression, 
tnd the uogntiw when tinder tension. Substituting for v its valw 
u tounti above, we have 

r = -^5j- m 

**10E 

wh*ra tlto n^yitriw sign is to 1m used for compression members, and 
Iht JwnMn ti^M Im- lonuou uauibors. 
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The application of this general formula will become evident from 
samples to be hereafter given. 

renercU Deductions from the foregoing Investigations, both as regards 

Tension and Compression Members, 

In tension members, the net area of the cross section of the 
material must be considered as resisting the stress coming upon it. 

The connections in tension members must be arranged so as to 
produce no eccentricity of stress. 

In compression members, the load which the column will carry 
becomes less as the length increases, other things being the same. 
If, however, a long column is braced at intervals, its length is 
virtually diminished and its strength increased. 

Fixing the ends of a column has the effect of largely increasing its 
strength. 

Hollow pillars of cast iron, if required to bear heavy weights, 
should not be cast with hollow projecting mould- 
ings, or elaborate bases or capitals, as in Fig. 144. 
Th(Bse are a source of weakness from the change 
in the stress brought on the iron, and also from 
the change in the crystalline formation of the 
naetal. If more elaborate enrichments are re- 
quired, they should be cast separately, and united ^-^^ ^i^ 
to the column by fastenings. 

In all members, whether tension or compression, a symmetrical 
section is to be preferred, as tending to do away with eccentric 
application of the stress. 

In designing a compression member, the value of the ratio Z ; ^ is a 
most important factor, hence the larger the value of h, the less will 
he the area required to meet the stress, and, in general, the 
greater economy in construction. The general form of com- 
pression members should be approximately circular or square, so 
that the value of h in all directions will be as great as possible. 
There is obviously a limit to the disposition of a given area of metal 
in a form ^giving the largest value of k, for the principle, if carried 
to extremes, would result in members of very thin metal. The 
limits of market forms must be taken as a guide to the thickness. 

The unsupported length of a strut should not be greater than 50 
imes the least dimension, or 150 times the value of h 
As regards the design, longitudinally, of a column, it is clear that 

true cylinder or square prism is not economical. Some diminution 

n2 





^ 



» 



Fig. 145. 
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of the dimensions of ths colutnQ ut the eads commenda itself to M ^ 
eye as suitahie. Hence in Greek pillars the graceful e^stafii, (f^ 
t of the shaft. In the Lanadowne Bridge over the Indnrf 
at Sukkur the enlnrgometit of tiie atnita 
from the ends to the centres is very 
markedly a feature in the design. The 
curve of the bending moments has been 
shown to he a parabola. Pi'actically this 
curve would not differ, in the cases 
ordinarily considered, from a circle. It 
would, therefore, be quite sufficient to give 
a circular form to the arcs of the stnita in 
any cases where it would be woith while to 
make a difference between the sectioDs at 
the centres and at the points of fixing, i.e., 
the form shown at B, Fig. 145, rathec 
than A, leaving, of course, sufficient material at the ends for fiziog. 

ExAMPua. 

Example 21, — A timber post 10' %A, 6" x 6" in section, is tenoned into 
a bressumer by a lenmi 4" x 1 J" iw section,. Find the weight the post mil 
hear, the timber being dry fir. 

The effective section will be 6 x 6 - 4 x 1 5 = 30 square inches 

The ratio of Uo rf is 20 to 1. 

Hence from Formula (4) P = JicA. 

r„ the safe crushing resistance of dry fir, may be taken at 1,000 
lbs. per square inch. Hence 

P = il200x 30 = 18,000 lbs., or 8 04 tons. 

From Table XXIII. r„ = 11-1 cwts., and P = 30 x 11-1 = 333 cwta., 
or 16 '5 tons ultimate strength. 

This would give the same result as before with a factor of safety 
of 2. As, however, Table XXIII. is for rounded struts, and the post 
in question is fixed, the low factor of safety is quite admissible. 

Care should bo taken that the tenon does not go to the bottom of 
the mortice, otherwise the timber may shrink and the whole weight 
come on the tenon. 

As a matter of fact, the whole cross section of the post would be 
effective. It would not be the same as if it were hollowed, although 
it has been so calculated. 

Example 22. — A principal rafler in a tmss has to hear a 
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rressure of 10,000 lbs. The unsupported length (Le., from jtmction of 
)U beam to the first strut) is 6 feet, or 
72 inches {Fig. 146). The timber 
is red fir (pinus sylvestris). Find 
sfuitahle dimensions. 

This is an ordinary case in roof 
copstruction. 

As we do not know either the 
breadth or depth we may proceed 
by trial ai^d error. Fig, Ue, 

Assume the hreadth to he V. Then the ratio of I to d will be as 
72 is to 4, or as 18 to 1. 

Hence from Formula (4) P = J re A. 

P in this case is 10,000 lbs., r^ may be taken as 1,200, and 
A=4(^. 

Hence 1 0,000 = 600 x 4i, 

//— 10000 _ 4.10 

The strut may be, therefore, 4" x 5". 

At the junction with the tie beam the whole pressure may be 
brought on the toe, i,e,, on half the depth as usually constructed by 
good carpenters. Hence an area of V x 2^", or 10 square inches, will 
have to bear the whole load of 10,000 lbs. This gives 1,000 lbs. 
per square inch, which is well within the cnuhiug strength of the 
material. 

Example 23. — Find the diameter of a cagt4ron pillar 12' high to bea/r 
a weight of 10 tans. 

Assuming that the thickness of the metal is ^^ of the external 
diameter, which is an ordinary rule, we have the area of the ring 

Then in Gordon's formula 

|=r.-(l+aj) 

▼e have 
P = 10x2,240 = 22,400 lbs. 

'■c=sa/6 intensity of resistance to crushing of cast iron » 9 tons, 

say 20,000 lbs., per square inch. 
*==^ from Table XXV. 
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Substituting ralues — 

22,400 = ■2i<P X 20,000 -r (l + ^^^) - 
*- ?00<p/ 

Whence d = Z6. Make the column 4'. 

This involves a somewhat tedious quadratic, and one can obtain 
' the re<]uired result more readily and more accurately by using 
' Table XXVI. and by trial and error. 

Assume a diameter to the column of 3'. Then tbe area of the 
ring will be ■2ii(d'^=2'\G square inches. And ratio of I to rf will 
be 48 to 1. From Table XXVI.— 



3-1x48=149. 



Hence from Table XXVI. (under heading " Cast Iron— Ends Fixed ") 
Tfl have 1'56 tons [■er square inch of safe slress, In this case tho 
total safe Btress will be 

2-16x l'56 = 3-3.^ tona, 

which is not sufficient. 

Taking now 4" and proceeding the same way, we find that tlu 
area of the ring 

= '24 X 4' = 3'8i square inches, 

and ratio of I to d= 36. Hence 

4 = 3-lx36 = llI, 
k 

Aitd the corresponding safe stress per square inch is 2-80 tons. 
Henco the safe load on the column will be 

2'80x 3-84 = 10-75 tons. 

As tho load to be borne ie 10 tons, a diameter of 4" will thcrefon 
be amply strong enough, as already proved above by Gordtm's 
formula. 

K)C4Mi*i.K 34.— rAe $liid of a roof is of T-iron S^xS'xi', u 
fiialtntti at th$ ends viA bolts or pins, and is 6 feet in letiglh. fTkat 
Uiiight nm it btiir safety ? 

The area of the cross section is (3 x i) + (3 - J)i" = 275 square 
inohoa. The ratio of / to ti is 72 inciiea;3 inchea = 24. Prom 

' -1-QX24 for T-iron. Hence 4 =118- From 



J 
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Table XXVI., under column " Wrought Iron, Ends Rounded," and 
opposite the value of 120 we have 1'57 tons per square inch. 
Hence the strut can safely bear 

2-75 X 1-57 = 4-32 tons. 

To investigate this case by Professor Johnson's Formula (16), and 
taking as before = 118 we have 



re = 8,500 - 0-17(^) for pin ends 



k 

= 8,500-0-17x13,689 
= 8,500 -2,320 = 6,180 lbs. 
= 2-75 tons per square inch, 

Hnd the total safe stress on strut 

= 2-75x2-75 = 7-5 tons. 

This is considerably greater than the result obtained by the first 
investigation, probably due to the fact that the former investigation 
is based on the consideration of the most unfavourable conditions of 
load and eccentricity, and the latter investigation on the average con- 
ditions. 

If the strut were rivetted at the ends with at least two rivets at 
each end, it would be much stronger than if only fastened with one 
pin at each end. 

Example 25. — The standards in a single sling spar bridge are 28' 
hng, and of an average diameter of 9 J". The timber is red fir (pinus 
sylvestris). The bridge hears a live load of 560 lbs. per foot run. The 
angle of the frame is 45**, and total span iO feet. 

This is an example of combined bending and direct stress. The 
type is that usual in military bridging. It is shown in Fig. 147. 

Each frame carries half the weight borne by the slings + the 
weight on the transom. These weights are the same, being that of 
10' in length of the bridge 

= 560x10x2 = 11,200 lbs. 

The crushing weight on each standard will be half that on the 
frame, and will, therefore, amount to 

i (W sin d + W sin d) = W sin d = 11,200 x -707 = 7,920 lbs. 






bwMr is 9*5, tbe urea of the cross section is 
4-75S jt 3'H16 = 71 square inches, 
MNi tb» anu «II to i is 3$-5. 

f,- - ^' —-450 lbs. per square inch, 

wUdt kwoUwilkm safe Smits. 6,400 being the ultimate strength 
gi tbwMMUmutL 




Kf.U7. 

' \In WM* ilMWAiipUHm V *^^on'8 fonnula is 

'.-|(-©'). 

^>4m^^(i)V«fe'<Kl colnun (see Table XX Y.). This assumes 
^ tlftVMbll^ MCi., hw tbe effect of fixing the ends. This 
i hit ^^VsvitaMMy Uwcl 

(kNOi that giveu alwve, )>ut is ^till tvithllt 

,, \' •■'«*W ir*tt«v«rs« rupture on each standard is 
. «^*^ \ t.U,SiX>x 707) = 3,960 lbs. 
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The bending moment is 

^W/ = i3,960 + 336 
= 339,640 inch-lbs. 

The Moment of Besistance 

= !5andI=-7854R* 

y 

= rx •7854x4-753 

= 84r. 
Taking Formula (20)— 

My 

lOE 
we have the following values : — 

M=:339,640 inch lbs. 

y =4*75 inches. 

I = 398. 

P = 7,920 lbs. 

E = l,440,0001bs. 

I =336 inches. 

Substituting these values, 

339,640 X 4-75 x 14,400,000 . ^^ . ,, . , 

?•= ^* ^^r. — ^TRT^ — =r?77^7T-^^-TT7ro = '*>o04 Ibs. oeF SQuaFe mch. 

14,400,000x398-7,920x3362 ^ ^ 

This is very near the limit of ultimate resistance (6,400) and can- 
not, therefore, be considered safe. 

In such a bridge, therefore, stiffening is most necessary. It 
should be noted also that as the method of applying the load is 
eccentric, a liberal factor of safety should be adopted. 



APPENDIX I. 



To prove that the radius of gyration= a /— . 

Dbfinition 1. — The Moment of Inertia, I, of a body about any axis is 
defined as the sum of the products of each element of the mass into the 
square of its distance from the axis = S my^, 

• Proof kindly furnished by Captain C. F. Close, R.E. 
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Definition 2. — The radins of gyration, hy of a body with reference to a 
fixed axis is defined as the distance from the axis of that point at which, if the 
whole mass of the body were collected, the angular motion of the point would 
be the same as that of the body when acted on by the same force. 

Now the angular motion of a body is thus investigated : — Let g^ ^ be an 
elementary angular movement about the axis, dt an element of time, then 

velocity of particle m =y —jr > 

and since generally force = mass x velocity (where force is measured by momen- 
tum) — 

Force of particle =my -^ , 

and moment of force =mv^ -$■ • 

^ dt 

Total moment of all forces = S my^ — ^ 

dt 

= 1—^ six angular velocity. 

But the moment of all forces ="M^' x h — f from the Definition 2=Mifc" 5^. 

dt dt 

Hence MF^=I^, 

dt dt * 



or 



m an area 




APPENDIX II. 

Proof of Euler's Formula for Columns. 

Let OQ {Fig. 137) represent a column free to move about its end supports, 
and just beginning to deflect under the load P. 

The M| at any section, distant x from 0='Py=^^-^ from the fundamental 

equation for deflection of beams. 

Hence rf?=- El- 



Multiplying by dy, x being the independent variable, and integrating once. 



we have 
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"When -,^ = O, y = V, the maximum deflectioD, hence C= - V, and 
das 



a)-^CV.-A.r,i..? 



EI dy 



x= a/ ^ arc Bin ^+C, 
-when a;=0,y=0, and C=0. 

"when x=ll, y=V. 






Sence ^Z 

r ^~ • 

Bmt P = Ap, and I = AF. 

xSE 



G) 



APPENDIX ni. 

To express the value of the stress due to the bending of a column under a 
load P in known terms. 

If V "be the lateral deflection of the column under a load P, the M^ from this 
aource -will be Pv. . For such bending as occurs within the elastic limit of the 
material* the M^ at other points Mdll be analogous to that produced by a uni- 
form load on a beam under transverse stress, and will vary as the ordinates of 
a paral>ollc curve. The deflection in the centre for such a beam will be at the 

elasticlimitV =A Zj^ tf being the elastic limit stress for the material, 

Ey 

mx%A ro ^^ resistance per unit to crushing. We may without appreciable 
«rror call A=A' 

Hence U,=Vv=lS^ . 

Snt M|r=— where re* = the stress produced on the outer fibres and I = Ail;'. 



Hence 



"nm \k) — loTUv/ "• 



* This is the equation to the curve of the elastic line. 



CHAPTKR X. 



Joints and Fastenings. 

tiuneral Rtmarka, — Timlrec Faatanings. — Scarf Joints. — Mortice anil TendO-— 
Truaa Ohlique Joints, various forms.— Iron .loiiita. — Screws.— Pin iiral 
Link.^(iib and Cotter. — Rivets. 

It is not possible in every stnictnre to design the whole out of one 
solid block of the material proposed for nae. The practical limit* of 
manufacture, or natural growth, or facilities for moving, or Booe 
other cause, make it necessary that all structur'es, except those of h 
comparatively small size and restricted utility, be bnilt up of Beveol 
parts of various materials. The question, therefore, of the tet 
method of uniting the parts, whether they be composed of the rame 
or different materials, is one of e3^treme importance. The strength 
of a chain is proverbially that of its weakest link, and it is, perhaps, 
no exaggeration to say that in any design of a structure the skill of 
the engineer is nowhere more manifest than in the perfection of his 
arrangements for the joints and fastenings throughout. 

In masonry structures the joints are usually formed bv the tenacity 
of the mortar and by the skill in bonding the bricks or stones. In I 
some cases where greater strength is required, cramps, dowels, oc 
Other similar devices are adopted. These fastenings, however, do 
not readily lend themselves to theoretical treatment, and it is not 
intended in this chapter to consider their arrangement. 

With iron and steel, and with timber, the case is different. It 18 
with these materials that we are now concerned. 

In the design of a joint there are certain broad principles which 
should be borne in mind in any case : — 

(1). The membois which are connected should be weakened iS 
little as possible by the joint or fastening. In certain cases thfl 
nature of the stress coming on the member may be such that the 
weakening of the part may be a matter of little importance. As a. 
general rule, however, it ia well to retluce the sectional area of the 
part joined as little as possibk. 
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(2). Each part of the joint should be proportional to the stress it 
as to bear. 

(3). Abutting surfaces in compression should be placed as nearly 
8 possible at right angles to the direction of the pressure coming on 
hem, so as to avoid resolved stresses in other directions. 

(4). The joint should be arranged so that it is affected as little as 
possible by expansion or contraction of the materials. 

(5). The joint should be designed so that the stresses are unifm'mly 
.ransmitted from one member to the other. 

Timber Joints. 

The timber joints which we shall consider are : — (1). Scarf joints. 
[2). Mortice and tenon joints. (3). Oblique joints in trusses. 

It may be said that investigation of these is unnecessary, as long 
experience has taught carpenters the best proportions to give in 
every case. Although this may be true in a country where the 
properties of the timber used for construction are accurately known, 
yet the proportions thus arrived at by practice will not hold good 
where the material is different. And, as a matter of fact, trade 
customs are not always based upon scientific principles. 

(1). Scarf Joints. — These are either for tension members, or for 
transverse stress. Fig. 148 shows such a joint designed to bear 
tension. In this case the net area only of the cross section of the 
beam, viz., ac x cdy is available to bear the tensile stress on the beam. 




Fig. 148. 

The joint may fail in one of three ways : — 
(I). The part acxcd may be so reduced that the beam may be 
torn at ac. 

(2). The hard wood wedges at the centre may crush into the 
fibres of the wood at ab or a'b', 
(3). The part b'e or af may shear longitudinally. 
Hence, in order that all the parts of the joint may be of equal 
{rength, ac x resistance per unit to tension should = a6 x resistance 



per unit to crushing, and = n/x (longiLndinal) resistance per unil [u 
shearing. 

The proportions of the depths of the various parts of this joint 
must, therefore, vary inversely aa the resistance to tension, com- 
pression, and shearing, longitmlinally, of the timber used. 

A scarf joint to bear transverse stress, aa in Fiff. 149, is a weA 
form of joint, and must necessarily be supplemented ou the tension 
side by an iron plate. As the central wedges are situated neutlie 
neutral axis, there is little direct strain on them or on the adjacent 
timber. 



(2). Moiim and Tenon Joints. — In theae joints the tenons have W 
hear shearing stress when the two beams joined together are both 
horizontal. The beam in which the mortice is eut is very litA 
weakened by it, as it usually comes near the neutral axis. It is 
oetter to join beams by a mortice and tenon joint »han by notching, w 
by cogging, for the heamW 
notched or cogged is more 
weakened than it would be 
if it were morticed. Tt6 
1 of this is that die 
notching or cogging nflO» 
sariiy takes away nyiterinl 
from the layers of thebesB 
which are subject to thfl 
greatest stress, whik the 
mortice is made at tli&t 
part of the beam wliere the 
stress is least (Figs. 150 
and 151). 

Of course, this reasoning applies only to beams which are supported 
or fixed at the ends ; not to such beams as wall plates, which aia 



.')>. 150. 



Fig. 151. 



supported through the whole of their length. 



J 
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o find the necessary depth of the tenon, we may take the 

owing : — 

Example 26. — The floor joists of a room 18' span are 2" broad, 

' deep, and are tenoned into a trimmei' at one end. The rrmteiial is red 

(pinus sylvestris). Find the depth of the tenon, the breadth being tlie 

\de width of the joist, 2 inches, 

Erom Table XIV., Chapter III., the shearing resistance of red fir 

31088 the grain is 5,000 lbs. per square inch. Allow a factor of 

ilety of 5 ; this gives 1,000 as the working value. 

The stress intensity at the neutral axis will be, as we have seen 
Q Chapter VI., f of the average intensity. 

The total shearing stress coming upon the tenon will be half the 
X)tal weight coming on the joists (Chapter VI.). The joists of a 
Boor are generally calculated to bear 140 lbs. per foot super, and are 
12" apart. Hence half the weight coming on the joist will be 
140 xi^= 1,260 lbs. 

Hence if d be the required depth of the tenon, 



Hence 



2"xc^xl,000 = l,260x3-^2. 
^=•97". 




Fig. 152. 



This is far less than is made in practice. As a rule, a tusked 
tenon is made, which 
combines a maximum 
depth to resist shearing 
with a minimum 
weakening of the trim- 
Baer. This will be evi- 
dent from Fig. 152. 

In ordinary construction the maximum 
shearing in floors comes on the tenons 
joinmg trimmers to trimming joists {aa. 
Fig. 153). These have to bear half the 
total weight on the whole of the trimmed 
joists A, B, C, etc. 

(3). Oblique Joinis in Trusses. — These 
are very important because of the magni 



HL 
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Fig. 153. 



tude of the stresses they are frequently called upon to sustain and 
to transmit to other parts of the structure. 

(i.). Example 27. — As one of the most usual cases of such joints^ 
kt us consider the joint in Fig. 154, which represents the junction 
of principal and tie-beam in an ordinary king-post truss, the same 





hag been already coiisiJareil in Example 22, Chapter IX. THa 
compressive stress on 
the principal is 10,000 
lbs , the breadth of the 
beam is 4", and the depth 
5". We have abeady 
seen that the depth ul 
the part iri should te 
half the depth of tie 
beam, i.e., 2J", and^t 
the angle cal should be 
a right angle, Bia 
■f'?- 1^*- joint may fail by the' 

shearing of the end of the tie beam along the layer bd. As this 
shearing will be in the direction of the fibres, the resistance per 
square inch for red fir will not be more than 500 lbs. ultimate, and . 
100 Iba. safe. Hence the unknown length bd x the breadth of Die 
beam 4", an<l x 100 lbs., must be equal to the thrust of the principal 
resolved horizontally. Let j be the unknown length bd. 

To find the resolved component of the thrust, draw AB=the 
thrust on any scsle 
{Fig. 155) anil parallel 
to the principal. 
Draw BC horizont*), 
and AC vertical- 
Then BC on the same 
scale = the horiiontal 
thrust = 8,945 lbs. 
,_ Without drawing « 
,,. . figure this result 

^'J'* ^"^- might be obuined 

from a table of natuiul cosines, for BC = AB cos ABC. 
Then 4 x .c x 100 = 8,945. and ^=23". 

It would be inipmeti cable in most instances to give so great » 
y length to the end of the tie beam, 
hence some form of fastening is usually 
adopted to prevent the joint giving 
way ivith a moderate length of ti^ 
-^ ..^ :i. beam, say 10" beyond the junction. 

U^ The form of fastening usually adi^ 
>Vi;. 156 '*i '" England is shown in F'tq. 158, 




_JL. 
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4-94-^ lbs. ^ 



?., a strap encircling the principal and tie beam, and placed, as 
lown in dotted lines in Fig, 154, at right angles to the principal. 

This strap may fail in the following ways : — 

(a). The sectional area of the iron at XX may be insufficient for 
he stress brought upon it 

(5). The sectional area of the bolts at the ends may be similarly 
nsufficient. 

(c). The depth of the nuts YY may be insufficient to prevent the 
icrews stripping. 

{d). The breadth of the strap below, and of the plate Z above, 
nay be insufficient to prevent the fibres of the wood crushing at the 
[K)ints where they come in contact above and below. 

We have first to find the stress on the strap. This can be done, as 
before, by drawing a stress diagram. 
We have already found that the hori- />. 
zontal component of the thrust is 
8,945 lbs. Of this thrust the 10" pro- 
jection of the tie beam can bear 
10x4x100 = 4,000 lbs., leaving 4,945 
to be borne by the strap {Fig, 157). 
Draw DE on any scale horizontal = 4,945^ 
EF vertical, and DF parallel to the direc- 
tion of the strap. Then DF = 11,000 
ll)s.=jbhe tension on the strap, half of 
which, or 5,500 lbs., has to be taken by 
«ach side of the strap. 
(a). The section of the iron must be 

eapable of sustaining a safe tension of 

5,500 lbs. As wrought iron can stand 

* safe tensile stress of 22 -i- 5 = 4*5 tons 

per square inch, we have as the section 

of each strap 5,500-r 4*5 x 2,240 = -54". 
, Hake r X //. 
. (&). The section of the screws at the bottom of the threads must 

*«ob6 capable of sustaining a stress of 5,500 lbs. each. If d be the 

I *Jtmeter of each screw, then -^ x 4-5 = 5,500 h- 2,240. Hence d = J". 

(c). The depth of the nut, to prevent stripping, as we shall see 
Presently, should be equal to the diameter of the bolt, i.e., |". 

(d). The breadth of the strap is taken above at 2", and the width 
^^ the tie beam is 4". Hence -there is an effective area to resist i 

--■ O ] 




Fiff. 157. 
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crushing of 2 x 4 = 8 square inches. The totiil cruehiiig force comiuj 
L upon the timber, cummiinicated by the alrap, is 11,000 lbs. Tbis 
gives 1,375 lbs. per square iueh, As red fir uan bear a crushing loaii 
I of 5,300 lbs. per square inch, this gives a factor of safety of nearly 
4, which, under the circuni stances, is probably sufficient, but it niiiit 
bo remembered that timber is weaker to resist crushing across the 
grain than iu the directiou of the grain. Hence a bearing pliM is 
desirable. 

The abo^'6 investigation results in a section of iron which is liirgBr 
than that usually adopted in practice. It has also been bueil 
u|K>n the consideration of a definite length of tie beam being aviil- 
able for part of the stress. This may not be always possible. 
Agaiu, a very high factor of safety (5) has been taken for thfl iron, 
and it is reasonable to con&ider tha^ u 
the metal will be subject to no fatigue,) 
high factor of safety is unuecessirv. 
Instead, therefore, of the above investig*- 
tion, we might consider that the end of 
the tic beam took jw pari* of the re- 
sistance, and wo might assume a higher 
value of resistance, say 7 tons per flunare 
inch to the iron, instead of 4'5 tons is 
above. On these assumptions we m*J 
draw EI) = total stress on the prindpJ 
{Fig. 158) and parallel to it, DF parallel 
to the direction of the strap, and Ef 
vertical. Then DF will represent lie 
stress to be borne by the whole strap, 
and may be either measured from the 
diagram to scale, or when the strap issl 
right angles to the principal, may 1* 
calculated, since DF - ED cot EFP. I" 
this case DF = 20,000 lbs. Taking » 
factor of safety of 3, the area of tx^ 
strap will bo 10,000-^2,240x^=- = 0-6', so that 2" x ^" will be 
sufficient Tho other dimensions will be as before. 




• Experiinents at Chatham on full-siied tniaaca have shown that eithertJ* I 
trap takes the whole stresa or none at all. lo tho latter caaa failure ooowl [I 
y tne shearing of the onJ portion oE the tie hoam. In the former case foJlun I 
biost invariably oecura Ijy the strap crushing into the lower libres of tl» | 




Ftg. 159. 
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(ii.). Example 28. — When we come, however, to consider the 
best incUTiation, to give the strap, we see from Fig. 158 that if it be 
inclined as DF", the stress Is considerably diminished as compared 
Witt DF, and that if we could only take it horizontal as DH, we 
should have a mini- 
mum stress. The prac< 
tical difficulty presents 
itself, however, how to 
attach the lower end, 
for if made very oblique 
to the tie beam it would 
not make a satisfactory 
joint. Hence we come 
to the form of fasten - — 
ing shown in Fig lo9 
where the strap is 
secured by a bolt passing through the tie beam. 

In this case the tension on the strap tends to shear the bolt 
piBsing through the tie beam, and to cause that bolt to cnish the 
fibres of the wood adjacent to it. In Fig. 159 let the inclination of 
the strap to the horizontal be the same as that of the principal, so 
that there are equal stresses on the principal and sti'ap, then each 
limboE the strap will have to bear 5,000 lbs. Make IJ" x J" (since 
thi3='312", and multiplied by -^ tons gives 5,140 lbs., which 
i« slightly more than the 5,000 lbs. required). The shearing stress 
*ill be found easily, for, if d = tho diameter of the bolt to resist 

"hewing, then jtx -j x7 = B,000-=- 2,240, whence rf=-65", say J". 

But for bearing, or resistance to crushing, if d' be the diameter, 
than (f X 4 X 1,800 (factor of safety of 3) = 10,000. Hence rf = 1 -39", 

This is an important result, for it shows that the weakness of this 
foim of joint depends on the quality of the timber. If the tie beam 
l« made of a very hard timber, it is possible that the determining 
iwtor for the diameter of the thickness of the bolt would be not the 
Sickness required to resist crushing of the adjacent timber, but the 
siearing resistance of the metal. However, in the majority of cases, 
itia necessary in this form of joint to consider the crushing resistance 
if the wood, and to give a large diameter of bolt accordingly. Fig. 
'60 shows the form oE this junction in the type drawing of Indi) 
arracks, calculated for sil (s/imm robusta), a wood which is hap" 



I than anj of the timlier usually empioj ed tor b'lrracks in Europe 
['There it will be noticeil, the dwmeter of the bolt is takeaatSl" 
\ in apitc of the hardnebs of the i\oxl 




I 
I 
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A still further development of the same fastening is shown in Fi^t. 
161, 163, where the tie beam is in two parts, the principal coming 
between them,and the joint secured hj"ft horizontal strap passingroumi 
the end, with a block of hard wood at the end, and the space between 
the parts of the tie beam kept in their position by a chock of wood. 
In this case it will bo seen that the stress on the strap is a minimum. 
Taking the figures used hitherto for this joint, we find that if the 
thrust on tho strut or principal is 10,000 lbs , the stress on the tit 
beam, or on the strap, is 8,915 lbs., that is, 4,472 lbs. on each limll 
This would be safely borne by a section of Ig" x ^", 

The tic beiim being made of two planks, each, let us assume, 1 1" thick 
and 8" broad, we have a total breadth at the ends of 4" + 3x IJ''^"''. 
Hence tho bearing area of the strap at the end is lJ"x7"=T'B 
square inches. Tbe intensity of pressure at that part is, therefore, 
10,000-i-7-8 = l,280 lbs. per square inch, which is well within sate 
limits for all kinds of timber, but if additional security is required 
the end block may bo made of hard wood. 



BXhe length of the bolt passing through the tio beam and separating 

Bock is also 7". To finil the diametoi' of the bolt passing through, 

have to equate the bearing area of tlio bolt with the whole stress 

>n the tie beam. As the whole strength of tlie joint depends 

tgely on this bolt, it will be safe to take the factor of safety as 5, 

Bd not 3, as heretofore. Hence 



r X r/ X 5,300 



pike 1^" diameter. 




Bg. lG-2. 



I this case the value 5,300 is the minimum crushing resistance of 
[ Br. If harder wood bo used the diameter of the bolt can be 

Pfyc shearing we may take 5 tons per square inch as the safe 
iBta.nce of the iron, and as the bolt would shear in two places, wo 

i K 3141G X ((^ X 5 X 2,240 = 4,472 lbs. 
, <?--71, say I". 

I bolt will, therefore, require to be IJ", an this is the 
To prevent the chock sliding between the parts of the 4 
It wilt be necessary to cut a slot ^" deep, as shown i n Fiff,u 
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This will weaken the tio beam, no doubt, but will leave a net area ii! 

- IJ) 1 = 675 square inches to resist a tensile Btroas of 4,iT2 Ik, 

700 ibs. per square inch, which is much less than the working 

I resistance of even the weakest timber. 

Finally, to ace whether the slots are sufficient to bear the throat 
[ brought ujion them, wo may oquate the area of each a!ot with the 
Btresa, i.f., 8x ixp = 4,472, or ^>=1,11S lbs. per aquare inch, which 
is perfectly safe.* 

Some time has been spent in the conaiileration of this joint, 
because it is a typical one for joints in timber trusses, both for roofa 
and bridges, and also because it is one which is often constructed in 
the least economical manner. 

Any other cases of timber joints would be dealt with on some of 
the foregoing principles. 

Iron Joints, 

The iron joints which are commonly employed are : — (I). Screw 
joints. (2). Pin and Link. (3). Gib and Cotter. (4). Eiveta. 

(1). Screw Jdnls. — In structures, screws are frequently found in 
the form of bolts and nuts. In this form they are available either 
to resist stress in the direction of the bolt or at right angles to its 
axis. 

The pitch of a screw is the distance from centre to centre of the 
threads, hence the pitch in inches = 1 -f number of threads to the 
inch. 

From statics we learn that it P be the power moving in a cirde 
concentric with the circnm,fcrence of the bolt, and W the force 
parallel to the axis of the bolt, then W;P::circle described by 
P; distance through which W would be raised. Hence W x pitch 
= P X circle P describes. 

tXhis, however, is only true for square threaded screws, and it 
ignores friction. Where a V-shaped thread is used (as is usually 
the case in structures) |iart of the power is dissipated in an outward 
direction, as indicated by the horizontal arrow in Fiff. 163. On the 
other hand, the whole depth of the screw ic is available for resistance 
to tension or stripping, whereas in a square thread only half of the 
depth ad (Fig. 164) ia available. Square threaded screws are, there- 
fore, much used in machines where the object is to utilize to the 
fullest extent possible the power available, and where there is not 



a been the subject of a serias of euperimenta 
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much tensile stress in the direction of the axis of the bar. These 
conditions are generally reversed in the case of structures^ for there 
the object is usually to resist a force in the direction of the axis of 
the bar with the least amount of material. In this investigation, 
therefore, attention will be paid only to V-shaped screws. As the 
thread is usually cut into the bolt, the effective section of the bolt or 
rod is that of the sectional area at the bottom of the threads. 








Fig. 164. 
Fig. 163. 

The thread on the bolt is called the " male " thread, and that on 
the nut into which the bolt fits is called the ** female " thread. If 
^ be the diameter of the bolt taken at the bottom of the threads, 
and d the diameter of the bolt before the thread has been cut in it, 
the ratio between the values of D and d depends on the pitch and 
the kind of thread employed. The screw threads employed in this 
country are those known as Whit worth's, and in their case 

D = 0-96Z-0-06. 
cZ=MD + 0'07. 

If I be the length of the female screw, or the depth of the nut, 
the shearing area against which the screw will act is tt x D x /, and if 
f, and rt be the resistances per square inch to shearing and tension 
^pectively, we can find a value for I in terms of r^, rt, and d, all of 
vhich are known quantities. 

For rg it is safe to take a low value, as the metal has been weakened 
by cutting.* We may take 2 tons per square inch. For 7\ take 
5 tons. Then the total tension on the bolt should be equal to the 

* From General Wray's Instruction in Comtriiction. 
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total rosiatatice to sheitring, in orJer that the various parts of the 
joint sliauKl bo Df equal strength. Hence 

J X :r X D' « ft = 3-1416 xGxUi;. 
Heiico / = )-,(O-9rf-O-06)-^4!;, 

Siihstitiitiiig the values of 5 and 2 for r^ and r„ we find thai / 
must bo luther more than J-i. The usual practice is to make t=i 
which is a useful find cusily-remombered rule. 

The width of nuta anil bolt-heada may be generally taken aalj 
times the diameter of the bolt. With woods 
wiieher of iron is placed between the holt and 
the wood, so as to distribute the pressure. The 
size of this washer is generally as follow!:— 
For hard woods the diameter or width is thra 
times, and for soft wood four times, the value 
of (/, while the thickness is iff (f'ff- 16-1), 

No example is given of a screw connection, f» 
the rule, above given, of making the depth of 
the female screw = the diameter of the con- 
necting bars, is of universal application, giving 
an ample margin of safety. 
(-2). Fin and Liiit. 
This form of fastening is employed with " eye-bars," where Umo« 
bars lire ftatloned out at the ends, and formed n-ith an opening 
through for a tmnsvorse connecting pin. This forma a very efficient 
form of joint in many cases, and it is largely employed in Ik' 
connection of roof meml>er9, in suspension bridges, and aometitne! 'i 
Iho connection of the incmbera in fi-amed girders for bridges, l" 
America it is largely iisotl in bridge work, where English prmtiM 
would use rivettod juinls. Formerly the eye was made by benilinS 
the end of the bar round, and welding the end 
to iho main part. Weldless links are, however, 
usually employed for important work ; the end 
of the tiar being flattened and bored. Experi- 
■iit^nt shows that the re<iuisite propoi-tione of 
the \-Hrious parts wilt depend largely on the 
t»ud« of niiumfacture. 

It is «vHl«nl that the stresses that take place 
Vwiih) the p>-« must W very complex. Most of 
Ihi'' hmjjitttdinal fibres in the shank B (Fi-;. 166) 
»w ini«m^M«t by the hole D. Immediately 





201 

lehind the hole there can be no direct tension at all, and the tension 
kt B is transferred laterally to the sides by some oblique component 
)f the stress. It would be unwarrantable to assume that the 
itress is uniformly distributed over the sides of the hole, and 
ilthough the gradual formation of the shoulders of the link will 
iend to the uniform transfer of the stress, it is reasonable to consider 
ihat there will be a greater stress intensity at the inner sides of the 
3ye than at their outer edges. At the back of the eye the stresses 
ire such that the pin exerting a direct pressure on the metal next to 
it will tend to crush the iron and elongate the hole. 

These assumptions are borne out by experiment, and as the subject 
tias heen very carefully considered both in England and America, it 
is sufficient if we take the best results of the experiments. 

The maximum dimensions in English practice are those of Mr. 
Berkley : — 

Width of shank, B {Fig, 166) = 1*00 

Diameter of pin, D ... ... ... ...=0*75 

Width of metal across the eye, h + h ... . . . = 1 -25 

„ „ „ „ behind the eye, E ... = 100 

Radius of shoulder, r ... ... ... ... = 1*00 

,, ,, neciv, Xv ••. ... ... ... ~~ X %j\} 

According to American practice, Mr. Shaler Smith has given the 
allowing rules for the ratios of the parts of tie bars : — 

The proportions will depend partly upon the mode of manufacture, 
^d these proportions will again be modified whenever it may be 
ecessary to use a pin whose diameter is greater than about 0*75 the 
'^idth of the bar. When the size of the pin is a matter of u neon- 
trained choice, its diameter should be between 0*66 and 0*75 times 
^e width or diameter of the bar, if the greatest efficiency is to be 
ought.* The best proportions for ** hammered " and for " weldless " 
^yesare shown in Figs. 168 and 170. Figs. 167 and 169 show the 
Jtered proportions where the bar is relatively narrow. In hammered 

yes the width E behind the pin = B, but the ratio ^ depends on the 

iamoter of the pin. As compared with Mr. Berkley's rules, the 
"oportions (for ratios of D = 0*75 B) give more metal at the side of 
e eye, and if we compare Fig. 169 with Fig. 168, we see that it 
•tainly appears as if the metal were better distributed in the 

* Mr. Claxton Fidler, from whose book much information is derived. 



former ihan in the latter. £ach eido of the head ie formed livi 
ciwulur are describad about a centre situated in a vertical line pass- 
ing through the centfe of the pin ; if the radius of this Brc=r, tlis 
i-adius of the neck R= l^r. 

The heads of the we Id less eye bars {Fig/. 167, 168) are mule 
circular, concentric ^y^th the pin, so that E = fi. The raiHuB oi th( 
neck R=-lJr, as before, lint in this case r is dcaci'ibed from ttii 
centre of the pin. 




. So far we have considered the design of the link only. There are 
yet two important points to be considered, viz., the thickness of the 
^ye and the method of calculating the diametefi' of the pin. 

As regards the first of these, it is sufficient if we make the bear- 
ing area of the eye at the back of the pin = the stress coming on the 
link. That bearing area will be the diameter of the pin x the thick- 
ness of the link, and this area x the safe resistance of the metal to 
crushing must be = the stress on the link. To ascertain this area, 
therefore, we must first find out the diameter of the j)in. 

This diameter will depend on the arrangement of the links. The 
pin may be regarded as a short beam under transverse stress, and 
Tinder shearing stress. Now if there are several links connected by 
the one pin, and if these links radiate in various directions, the 
arrangement of the links on the pin will make a veiy great difierence 
in the shearing stresses, and in the Mff which the pin has to resist. 
This fact is evident if we take an example. Let us suppose that the 
pin in Fig, 171 has to bear stresses indicated by the figures, and that 
the directions of those stresses are indicated by the arrows, then it 
is evident that the arrangement in Fig, 171 is less economical than 
that in Fig. 172, inasmuch as the maxima shearing stresses and the 
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maxima moments in the one are much greater than in the other. 
Hence it is advisable to arrange the links so that the stresses shall 
•come alternately in different directions on the pin. The shearing 
stresses are usually considered as uniformly distributed over the 
cross section of the pin, and in ordinary cases it is sufficient to reckon 
upon this. But strictly speaking, this is not the case, for reasons 
stated in Chapter VI., and in very important joints this matter should 
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be lost sight of. To find the maximum shearing stress on mj 
'Motion of a pin coiinoctiiig aevornl radiating bars, it is necessary to 
find the sum of the vertical and liorizoiital components of the forces 
acting upon it. The maximum shearing stress will be the squiro 
root of the sum of the squares of these components. 

As regards bending moments, the pin may bo regarded as a beam 
with loads* brought on at the centres of the members, as longM 
tfiere is no deflection of the pin. If it bends at all, this method of 
computation wonld he erroneous, because the forces and the leverage 
would both be altered. 

From the foregoing remarks it will be seen that the tme design 
of a pin and link joint, where many radiating bars are imiteil, is* 
somewhat complex problem. In the ordinary cases of its applioiQon - 
to roofs, it is not, perhaps, necessary to go into all the nunnW I 
imrticulars, but in cases of bridge construction there is no donU ] 
that every detail of this useful form of joint should he most 
thoroughly investigated. Practically, the steps to be taken nay 
he summarized as follows ; — 

1. Diameter of pin is determined by its shearing resistance to 
greatest force coming on it. If P be the maximum force in tons 
tending to shear the bar, then P=— ,- x 4, 4 being the safe resisUuce 
of wrought iron to shearing in tons per square inch. 



'Jl 



2. To find thickness of the eye, I, make ^ = -3 — - , where rc = Bafe 

resistance to crushing = 5 tons per square inch for wrought iron. 

3. Find width at side of oye by proportions of areas of bar and 
metat at siile of eye as in Table XXVII. If the bar is flat, tha 
table gives tha width of section ; if the bar is round, it gives area 
of section. 

4. Width at back of eye is found by malting section at back of 
eye = section of bar. If this gives a very elongated eye, the thickness 

• I may be slightly increased. 

American practice allows 8,000 lbs. per square inch safe intensity 

I of shearing stress for wrought iron, and 10,000 lbs. for steel. 
For bearing, the same authorities allow 12,000 lbs. for railway 
bridges, and 15,000 lbs. for highway coustniction, if either the pins, 
or the plates, or both, are of wrought iron. If the whole is of steel, 
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then 1S,000 and 18,000 lbs. per square inch are 
values. 

As an example of tin's form appliedto a 
take ;— 

ExAMJ'LE 29. — The strut and tie-bars in aii iron roof a 
in Fui. 173 where the directions of the bars, and the atr 
indicataii. 

The strut B is to be formed of two parallel bars 
intervals by distance pieces, and 
the remaining members, being ten- 
sion rods, are to be formed of 
iwund bars. 

It is required to design the 
•Dombers and the joint, which is 
*** be a pin and link conntction. 

The problem is both one ii 
tieaigii of tension and compression 
''^*~a, and in joints, but both i 
'^kon together, because, as was pointed out in the preceding chapter,. J 
'■^c design of such members often is entirelj' governed by the d 
*** the fastening. 

<i.). Tki design of Ike strut. 

The length of this member is given at 2' 4". It is necessary to 1 
^*^o-w this in order to calculate the dimensions of the bars. Then J 
*^oin Table XXVI., Chapter IX., we havo tor" this form of croaa ! 



^■^i 
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, Chapter IX., v 
But if we take one dimen.^L 



I of the bari 



i r, 



Action, j = 3 



*-'^:;28-l. Hence4 =3x28 = 34. From the Table XXVI. this 

k 1 

'"^Trasponda to a safe stress per square inch for ends rounded of 1 
^'S tons. It has actiwlly to bear 3558 lbs. -^ 2 = 0-8 tons. Hence, j 
'tte section of each bar might be 0'8-i-2-5 = 0'33 square incl 

Adake Gfich bar 2" x J". It might he of less breadth, but 3" ivill 
"B required to give room for the bolt, which is 1" diameter. 

To find the number of distance pieces required in the total length 
^ 28", we have to consider each bar as a rectangular strut of a given ' 
^'^ction, under a given loail, and to estimate from the tables tho 
Stoutest length that such a bar ought to be. The given section ia- i 
- i<^" = 0-5 square inch, and the given stress is 0-8 ton. This j " 

^ti'ess intensity of 84-5 = 16 tons per square inch. From 

*-XVI. this corresponds to a ratio of about 120 for ends roumlet 
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In this c 

, SecUon yf Fruiapai I 



rails are not rounrloil, but as the fixing may bciw 
liorfect, it will ba on the aafo side if we con- 
endB aa rounded. Since n = 3-5 for " 
rectangular section, the maximum safe length 
for a roctanguiar stnit with one side \' wide 
under the above stress, ib J" x 120-=-3-4 = 8-5 
inches. As the length of the atfut i.s 28", we 
may divide it into i parts, each of 7", nmng 
three distance pieces, as shown in Fig. 174. It 
would have been almost sufGcient if it wara 
divided into 3 parts each 9 inches long, butthft 
Fig. 174. other is more accurate, 

fii.). Design of Ike tendon bars. 

These bars being circular their section is aasUy found. 
We may take 5 tons per square inch as the safe intensity of 
tanoe of wrought iron to tension, as none of these bars will be aabject 
to fatigue. 



wara 



Bur A has stress of 13,150 Ibs. = 5'4t tons. 
Then i 3-1416 <Px 5 = 5-44, 

f; = l-16 
Make IJ". 
Bar C has a stress of 6832 lbs. = 3-05 tons. 
Then J 3-U16 x ti" x 5 = 3-05, 



L 



Make 1". 
Bar D has a stress of 5712 lbs. = 2-55 tons 
Then { 3-1416 (Px 5 = 2-55, 

d = -&. 

Make 1". 

{iii.). Design of the jtrinf. 

We have to consider : (a), the arrangement of the bars upon the 
pin; (i), the diameter of the pin; and (c), the dimensions of the eyes. 

Aa regards (a), we see in Fuj. 173 that the tendency of the bar A 
is to draw the pin to the left, and of the members B. C, and D to 
thrust or pull it to the right. In arranging the members on the pin, 
we must endeavour to bring these forces alternately. By putting D 
in the centre, halving A a)id placing it next, then halving C, and 
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Vetting it next, with the bars of B on the outside of all, we got an 

^^angement which is the most satisfactory 

(% 175). 
With this arrangement we have to calculate 

the shearing stress on the pin, which will 

determine (b) its diameter. In most cases it 

will be sufficient to take the greatest force 
coming on the pin, and reckon it only ; but it 
is more accurate to find the square root of the 
algebraic sum of the vertical and horizontal 
shearing stresses at the section which appears 
to be that of maximum stress. As an example, 
"we may follow the latter method. *^' 

From Fig. 176 we see that the components of the various stresses- 
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are 



lbs. 
Vertical components A = 3500. 

B = 2800. 



Horizontal 



19 



C = 6000. 

A =10750. 

B = 2400. 

C = 4i400. 

D = 5712 = 2-55 tons. 



lbs. Tons. 
Therefore iAv = 1750 = 0-78. 
|Bv = 1400 = 0-625. 
|Cv = 3000 = 1-34. 
|Ah = 5375 = 2-4. 
|Bh= 1200 = 0-29. 
|Ch = 2200 = 0-98. 
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Fig. 176. 

From an inspection of Fig. 175, it appears that the maximum 
shearing stress would come at the points where the halves of A^are 
linked to the pin. 



Here the square of the stress = the algebraic euro of the sqtiates 
I the vertical u^nd horizontal components of the stresses coining oa 
nhe pin between that section an'I the end of the bar. 
Hence 



stress^ = (JA,)^ + (iA.)^ 
SubstitiitiTig values, 



+ (B.)^'-(iB,0='-(iC,)^-(AC,^). 



(Stress)= = 5-76 + 0-GO + 0'40 - 0'0S4 - 0*96 - 1 -79. 
= 3-93, say 4, 

["hence the shearing stress = 2 tons. 

Tailing 4 tons us the safe shearing intensity, we have 



r/ = 0'8 say 1". 



I whence 

After calculating the thickness of the various eyes coming on the 
lin, we mU3t consider whethef this thickness is sufficient to with- 
! atand the bending moment. 

(ir). To calculate the dimensions of the eyes and the thicknesses of 
' the bars at the eyes, we may refer to Table XXVII. 

Take D firat, as it is in the centre. Its diameter is 1 ", hence ratio 

I of diameter of pin to width of bar is = l. From the table wo see 

that the area of the section at the sides of the eye should be 

I 075 area of the bar, i.e., 0-75 x ^ x 1 = '59 square inches. Aa we roiiy 

I consider the eyes to be hammered, the metal at the back of the eye 

I should be the same as the oiigiual bar ; hence, area of metal, Lt., 

width xthickness, will = Jx3-Ul x 1 = 0-78 square 

, inches. To find the thickness, (, we havo to take * 

I the bearing area of the bar on the pin, of which 

1 the diameter has been ascertained to he 1". 

Hence, it i = thickness required, ix 1 x 10,000 (safe 

resistance to crushing) = 5713 (stress on bar; 

[ hence i = 0-57 say ^°. Then, if a be the width at 

i the back of the eye, a x 4 = 0'7S, and » = 1 -28. As 

I this would result in a thin elongated bar, make 

I thickness J", and width at sides = ■59-^■75=-}4'. 

The eye will, therefore be as shown in Fig. 177. 

Next taking the bar A. This is divided into 

* two, each having a stress of 6,075 lbs. The thickness of the bar at 

the back is found by equating the diameter of the pin x the required 
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thickness x safe resistance to crushing, with the stress coming on 
each fork of the divided bar, or half the total stress on the bar. 



Thus 



^ X 1 X 10,000 = 6075, whence / = 0-6, say f '. 



The diameter of the bar being 1*25, the ratio of diameter of pin to 
width of bar is 0*8. The corresponding ratio for the area of metal 
at the sides of the eye is about 0'7. Hence area at eyes 

= 0*7 x^ X 1*252 = 0-86 square inches. 
4 

Hence breadth at sides of eye 

= •86-^-62x2 = -7, say f". 

The width at the back of the eye, so that the metal shall be the same 
iis the original bar (half being in each fork), is found as before — 

ax| = Jx0*78x 1-25, whence a = 0*8. Make a=V\ 

Working out the bar C in the same manner, we find that the 
breadth at the sides of the eyes is ^", that the thickness of the eye is 
J}", and that the width at the back of the eye is 1^''. 

The bars are, therefore, as shown in Figs. 178 and 179. 
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Fig, 178. 
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Fig. 179. 



Filially, to see if the pin can bear the transverse stress coming 

upon it, we have to take moments at the position of greatest stress 

and calculate whether the stress intensity produced is greater or less 

than the safe .modulus of rupture for wrought iron. 

In Figs, 180 and 181 the position of greatest stress will be at the 

p 




This ill vestiga lion has been a lengthy one, and it would not be 

I neoMMrj" to go through all these ste|)a in the iiaual cases met with. 

Yet the joint is swell a iiseful one, and its application so economical, 

IImI it H desirable to Ira acquainted with the true principles of its 

It will ltd evident from the foregoing invostigatio 
MMniCe filling is osseriliiil to the proper working of this joint. Th« 
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trade of the fitter is not one usually associated with stnictnroi, bnt 
here is an instance where this trade has its prO|icr place in construe- 
tion. 

The pins are kept in their places bj' nuts. These may be either 
solid, or they may, in important joints, be of the shape shown in 
I'''ig. 182, and known in America as Lomas nuts. As there is no 
tension in the direction of the pin, there is no objection to cnt the 
screw thread in the thickness of the bolt, and diminish the section. 
In some cases in America the end of the screw is protected during 
construction by an arrangement shown in Fi^. 183. 



Fig. 182. 



Ft(/. 183. 



(3). Gib and ColUr. 
This form of joint is frequentlj- used instead of Ixtltt or rivets in 
roof coDstrnction. Its chief a-lvanUge is that by means of the 
cotber, which is wedge-shaped, the bar can be tightened or slackenol 
slightly. Figs. 184 and 1 85 show the method of connecting a liar witch 
us the tie bar of a roo^ to two plat^ such as might In) UAl&l or 
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rivettcd to the heel ot » principal f»f:*r, by * jfib »«<■! vittw yiitit 
The end of the round lie fA U ^-I'.^Ti^i, w./! » *l'A '■.•it i» it, wbilfj 
eomsgonSiag doU are rot in ;b* -/auh. A key '* leih J in ir«*f WJ 



OL "&& &iiia — "Sim s !iiiii BL fiffiffffniih jsen m :^ i^aasti^ for tlie 

^Huan^j 2i!3nfaiiatt£ ^i' imtA Tg iir iBk: <£sai£CL iisEs^BgesD^Bmot inth^ 
yxs^i'jL ^it jnjfr iiiMii;. ndnia norr zmc le^ crime <BmuaiieBL Tt^^ 
wcsiHr ^^ear^ i^pansr imt sorfuss^ rf lis shn 5n ii» im Inr. in^ 
4aj3iii^ itti*: xi^'' lar-jiiriiiuiL. VhTt? in^ |pi» ^jears jt^Kasi jtEue side o^ 

TlA; '*<iSiSX aiaiT ici :: — 

If i^^JkA ^Eiit-£=i£ss «ac i&i£ i^s^rrac. 2r='ifti£' wife^i cf tbe cotter^ " 
^-^Ibr^su&Bu Off gi)i»a]sdc«so&ieK.aisii/=i&ff i^hiiffanfgg qf caiA plate, 
T» !t«tQ»Kjni ia iftic itae lor. tfttsa for •a^-isiil&ST dL ssrengtli in all 

T= f ir-r -r X rj= IT X * X ^^= ar X f X r^, X 2. 

whsTt r^ aa»i r^. asi& tfac reasSanoK per ^nare indi <if ihe material U^^ 
ihfotrmg and CTndun^ le^etdrelr. 

Bj tstkmg mnj coaTenient Ta!ae for r. the other amoonts can b«^^ 
Terr eanl v oijCained. 

Taking; for example, the tie-rod under investigation in the las^* 
example:, we have as follows : — 

Example 30. — y^ tie lar lY diimd^ has to hear a nutximHm tensU^ 
jftrea 0/ 12.1-30 Pjf, and U oymn^&ied to ikf hed of the T-iron principal 
bypUde^^ at on^ end rirett^d f > the tonipie of the T-inm^ and tcith slots far 
a g^f awl cotter joint ai the other end. Find the dimi^nsions of the rarums 
jfart$ of the joint. 

We may start by assuming that the flattened end of the bar is 1" 
wide, i.e., t = V. Then the width f of the plates is clearly = i'. 
Ai^uming that the width of the cotter tc is V, we have to see from 
the equations above whether the thickness /= I'' is sufficient. 

T= 12,150 lbs. = 5-44 tons = ir xt xr^^^V xV xr^ 

whence rb = 10*88 tons per square inch. This is rather excessive, so 
wc must increase the value of both w and t. Try «? = f, / = li^ 
then, repeating the same process as before, we have ri, = 5*8 tons, 
which is near enough to safe requirements. 

Hence ^ = JxlJ = f", 

and c = T-r2M?x?•g = 5•44-^2 xf"x 4 = 1" nearly. 



To find the depth a (Fig. 185) of the plates, we have the net area 
of the plate x the safe resistance per square inch of wrought iron to 
tension (5 tons) must = the total tensile stress, i.e. — 

(a-w) txD = T, 
U.- (a -|)li"x 5 = 5-44, 

whence a— 1*64. Make If" to allow for any error in manufacture. 

The plates at each side should be the same depth at least. The 

slots must be sufficiently far from the ends to prevent the portion at 

the ends from shearing off. Calling h (Fig, 184) the length of such 

5*44 
a piece, then 2x^x^x4 tons = *— ^— , 

and substituting values — 

h = 0-54", say \\ 

The ends of the bar will also be \' beyond the slot. A taper of 
1 in 24 to 1 in 48 is usually given to cotters. 

(4). Rivets. 

Rivets are a modification of the bolt and nut* connection, the 
aifferenco being that whereas in the one case the fastening is secured 
^y the mechanical arrangement of the screw, in the other the same 
end is attained by taking advantage of the plasticity of the metal at 
* high temperature, when it is, therefore, capable of being hammered 
down so as to grip the plates which are to be connected. Thus in 
the rivet it may be said that the head, shank, and nut are in one 
piece. Inasmuch, however, as the temperature at the time of fasten- 
ing has much to do with the grip in the direction of the axis of the 
rivet, and as the amount of grip thereby produced is a very indeter- 
minate quantity, rivets are not a form of fastening to be recom- 
mended in the case of stresses coming in the direction of, or parallel 
to, their axes. In such cases the rivet heads arc very liable to fly 
off. So also, when the length of the rivet becomes more than a 
certain amount, say 4 times its diameter, it is preferable, because 
more reliable, to use bolts and nuts. This is a very important point, 
and should never be overlooked. 

The diameters of rivets used in structural work vary from ^" to 1", 

* The records of the St. Louis tornado prove conclusively that where there 
18 bending or twisting, a rivetted joint stands much better than a bolt and nut 
oonniectioii. 




Fig. 186. 
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the moBt iiaiial sizes being J" and j". Smaller aizea ihan j" we 
only iismi in unirajjortant details, and larger ones are used only 
whore the metal is of great thickness. 

The proportions of liveta are ehown in Fig. 186. 
Rivets may l>o either fastened by hand power, or by some form of 
machine. The latter is hy tor ihs 
better way of secnring a good jomt, 
but it has the disadvantage thatii 
carelessly done the head may be 
eccentric to the axis of the shunk ; 
■ it is also difficult to apply iticeriwn 
positions when the work has » be 
built up in situ. Portable rivetterfi 
worked by steam cr by hydrwilK 
power, arc, however, frequently 
used with work thus built up. 

The holes for the rivets areeitli*'' 
punched or drilled. Punchingh'*^ 
an injurious effect on the .metal round the hole. A moleciil*'' 
change in the me talis produced in a narrow ring round the h*J^ 
rendering it harder and more brittle. The harder the material t** 
greater the injury from this cause, and steel is more affected tha" 
iron. It is also more difficult to space the rivets accunitely wte" 
the holes are punched, and when two or more plates are nsed ib^ 
holes do not correspond, so that they require to be rhymered bofor* 
the rivets can be inserted. This rhymering outs away the zone m 
the metal affected by the punching, and so tends to remedy tlie 
injury above alluded to. In the process of punching the plates 
stretch a little, and so cause inaccurate fitting. Hence where several 
plates are used, drilling should be resorted to. The sharp eilge 
round the drilled hole, however, should he rounded off, for if it is 
left it may assist the shearing of the rivet. 

In the process of rivetting the plates are temporarily bolted 

together untd the rivets aie inserted This bolting should not he 

done loooely, especially with machine rivetting, as it may tend to 

cause "collars," i.e., portions of the 

metal may be squeezed between the 

plates, kee[)ing them asunder (Fin. 

187} In coohng, the rivets exert 

isiderable pressure on the plat«<,. 

I no doubt a large amount of 
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rictional resistance is thereby exerted to stre.sscs coming on tho 
plates. The amount of this frictional resistance is so indetorminuto 
tkt it is neglected in calculation. 

Loose rivets may be detected by tapping them on one side with ti 
ligbt hammer, and holding a finger on the other. Such rivistn 
should be cut out and replaced with properly fitting ones. 

In punched work the holes are sometimes 10 t*} 20 j>^5r ciwit. 
larger than the sizes shown on drawings of the joint, hf:rice tlio 
shearing resistance of the rivets is in excess of the calciilated arriourit. 
This makes up for the inequality of stress cau.v;d by iincqiial spac 
ing, which, as we have seen, is Ii.ibie to rte cauv^l in punchfjd work. 

Usually, the size of a rivet. ^>efore i: i/j hent^d for iii.^'irtion in i\w 
work, is the same as that cal.:ulateii and -hown on th^i drawIngM. 

In considering the strength of .izij giv-ir. civfzt>A joint, wc h.'iv<^ 
to consider : — 

(1). The strength of the rivets in r-iJ*; »*[.".:: th^ <r»ftarin;( Alr*zAn. 

(2). „ „ pla^r: uiL>.n :r.c .,r,fi of *-MAiH<t fr;icf.iirft. 

(3). The bearing area of the r^v^ZA. 

(4). Any combination of the .i>,Ci7e T-'hi'/r. -y'V*.*: V;rt/1 f/* wci^Uumh. 

Other important points auca w th-e imr.:r>Tn^;n^ of tK^: r\v^t\ 
thickness of cover plates, ew.. xi'.l \e !.-,r.^if:er-^: ■•.•;r/ir*V'I/. 

As regards (1), it is eviiien.^ ''nsiz .z i,'. ',;..• .-; - :v 4.rf\ d/,ir»y f,KAir 
share of resistance, the shearing *T,r=^^. \*\ -*a*^r, r. '>r. v^ii, >, '■/miaI v, 
the total stress on the mem>ier :. m:-^; ,•• ^-..^ .'. ..v. /^r of t,■f*'^• 
sections that most be 3hear=iiL 1: v.t=: vt.- >• .-. *.r,i>, 'r,^.*^ xi' if* 
/i^. 188, the number ot rl7*r. -wnr:..!!, «• ; - ;.r. .r^r ",* ,-. /<*j*rf v,'. ,^ 
fn double shear, as in Fuj. lil}. -.oii -.!;;ai .*tr %f .r -^^ v/^Ajor.-? - *. "^^a 
:be number of riveti. 
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The shearing strength of the rirets, if of wrought irtm, m oeadfr 
bnt not quite, eriiial to the tensile strength of iron of liie game 
quality. Rut as rivet iron is generally better thsai plate iron, Ae 
difference in strength is to a great extent conipenaate<L far. On the 
olher hand, it i% not sound to assume that all the rivets are under 
the same intensity of stress, for many caus^ may contribute to pro- 
duce unequal distribution. Hence it is considered by the best 
authorities on the subject that if we take 5 tons as the tesmh^ 
strength of the iron, we may take 4 to 4i tons as the safe strengtJa 
of the rivets, according to the nature of the joints and the woAnar^^ 
ship. For steel rivets, 5 to 5i tons may be taken. The foIIowir»- ^ 
table may be useful in calculations : — 

Table XXV ILL 

Shomng the Vtdue of the Pull T in tons that ran be taken up hytz^^ 
Shearing Strength of one Rivet, and aim the decimal ro-effifient IS, n 
.renting the numher of Rivet Sertions required to resist a PuU of 1 tm — 



NomiiMl Size, 



Wnmj?ht Iron rs=4 tozra. 



Steel ra=5 taB& 



Diameter. 



i'/ 



v 



Area. 



0-3068 

0-4417 
0-601.'? 
0-7854 



1 38 

I 087 
2-706 
3-534 



0-725 

0-503 
0-370 
0-283 



l-:>34 
2-208 
3-006 
3 927 



0-652 
0-453 
0-333 
0-255 



The pitrh of rivet'=« is the distance from centre to centre. T^^^ 

loniptudinal pitch is t; ^^ 



o 



Q 



Q 



J 



^^ 



o 



o .- 



O ; 



a. --> 



Fig. 190. 



distance from centre ^^ 
centre m the direction ^^ 
the stress {a. Fig, 1^^)- 
The transverse pitcht ^^ 
that at right angles to t: h^ 
stress (/), Fig. 120). Tb^ 
distance between one r"0^*' 
of rivets and aDOtb^^ 
should not be less tbi*" 

2 n 



The ru 1 68 for the pitch can be calculated from the consider»tioM 
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oi equality of strength of the joint at all parts, i.e., that the shearing 
strength of the rivets should = the tensile strength of the net area of 
the plate. This gives a value to the pitch = twice the diameter of 
the rivet, i.e., the metal left between the rivet holes must be at least 
as broad as the diameter of the rivet. This leaves very little margin 
for imperfect workmanship, hence it is safer to take the pitch as = 3 
diameters of the rivet. 

In compression members the maximum longitudinal pitch should 
not exceed 12 times the thickness of the thinnest outer plate. In 
general a pitch of 6" should not be exceeded, or water is apt to get 
in between the plates, and cause oxidation. 

The distance of the outer rivets from the edge of a plate depends 
on the direction of the fibre of the metal. In the direction of the 
fibre, the distance from the end to the centre of the rivet should not 
be less than- ^" + t + ^d, t being the thickness of the plate. Trans- 
versely, i.e., at right angles to the fibres, it may be \" less than this. 
A safe rule is to make the end distance from edge of hole = 2 diameters 
of the rivet, and the side distance Y less. 

Diametei' of Rivets fm' Given Plates. — This may also be calculated 
from the consideration of equality of strength in the parts of the 
joint; making the shearing strength of the rivets = the bearing re- 
sistance of the metal of the plates, and thus deducing a ratio of the 
thickness of the plate to the diameter of the rivet. This ratio, 
however, would vary with circumstances^ and it is generally safe 
and sufficiently accurate to take the following rule (Professor 
Fairbairn's) ! — 

^-"It for plates under ^", d=^\\t for plates of J" and over, d and t 
"^ing the diameter of the rivet and thickness of the plate, respec- 
^vely, in inches. Professor Unwinds rule is d=^V1 Ji. 

Where angle or shaped iron has to be ri vetted to plates, etc., it is 
^nietimes necessary to consider the available space for giving the 
necessary clearance for the tool forming the head. This may make 
* smaller rivet necessary than that found by the rules above. 

It is desirable in all cases to use one size of rivet throughout any 
one structure. 

' •'^ domjication of rivetted joints may be made both according to 
tne arrangement in section and in plan. 

^^' -Arrangement in Section. — (i.). Lap joint, (ii.). Butt joint with 
^le cover, (iii.). Butt joint with double cover, (iv.). Butt joint 
?wmped. 



II. Arringemenl in Plan. — {i.). Single rivctting. (li.). Double, 
treble or chain rivetting. (iii.). Zig-zag rivctting. 

I. (i.). Liip Joints (Fig. 188) are faulty in that they nacessariij' 
cause unequal transmission of stress, and as the calculations fi>r 
rivetted joints are based on the principle of equality of distribution, 
it is evident that such joints should not be used where a better form 

II be fiubstitnted. It has l.>een pointed out in the last chapter tial 
eiiuality of distributiou is important both in tension and compres- 
aiou members. 

(ii.). The disadvantage of unequal distribution is not ovcrcomein 
single cover joints {Fig. 191). The only advantage here is that llie 
inconvenience of overlapping the plates is obviated. Thenutpherot 
TivaU is doubled, as compared with the last instance, and the thick- 
ness of the cover plates must be at least equal to the thicltneas <« 
the plates joined. 



FUj. 191. 



(iii.). In double a/i:er joints (Figs. 189, 192), however, the stress '^ 
transmitted uniformly. Before the joint can fail by shearing, »»*_ 
rivet would have to give way at two sections (Fig. 194), lienoe tW' 
joint is said to be in " double shear," the resistance to shearing 1»""8 
doubled. The covers need only be half the thickness of the pla.t*^ 
though, as a matter of pmctice, they are generally made the s»-'«J"' 
thickness as the plates. 




Fig. 192. 



(iv.). It vrill be seen, however, that when there are two o 
s of plates to be joined, the butt joint shown above (iii.) will tio^ 
be economical, both because it would involve each cover being *' 
i equal to half the combined thickness of all the jilates, and 
because the number of rivets on each side of the joint would require 
to be equal in shearing and bearing area to the combined stress 
on all the plates. Hence for economy of miiteriid and rivets, » 
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grouped joint, as in Fig, 193, is introduced. This may be regarded 
as a bringing together of several butt joints with covers. In this 
joint the rivets are in single shear. 
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Fig, 193. 
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Fig, 194. 

The considerations for ascertaining the thickness of the covers, 
and the number and distribution of the rivets in this form of joint, 
will be considered presently. 

II. As regards arrangement in plan, (i.), single rivetting (Fig. 188), 
requires no explanation. For a given number of rivets it involves 
the least length of cover or lap, but it is obviously limited by con- 
siderations of the breadth of the plate, and the rules for pitch 
transversely. 

(ii.). Double or treble, or chain rivetting, is vrhere each rivet lies 
tiirectly in a line with 
those in the next row 
(% 195). The plate and 
<^over is here weakened by 
the number of rivets in 
one row. In Fig, 195 
where six rivets are used, 
double rivetting being 
adopted, with I" plates, 
^he len2:th of the cover 

• 

^s 1 2", taking the rules 

'or pitch as given above. 

The net area of the plate 

is (8 - 3 X f) J = 2-87 

square inches. In Fig. 

196, where the rivetting ^^9- 1 96- 

ifl treble, the length of the cover is 16^", but, if the width 





be, as before, B", the not area of the plate is 3'25 aquRre intheS: 
Hence if wo take 5 tons as the safe tensile resistance per sfjiart 
inch of wrought iron, we have the strength of the joint and tha 
bar in Fitj. 19G 16'25, as compared with 14-35 in ^"117. 195, for the 
same width of bar, 8". 

From this we see that where there ia little room to spare in Ibe 
width of a nioraber, i.e., where the stress coming on it is newlj 
equa! to its safe resisting power, it is better to put few rivets in a roiv, 
and sBToml rows. Where, on the other hand, there is a large marjjn 
of safety in the raember, double or even single livetting tends to 
economy of length of cover. 

(iii,). By adopting zig-zag rivetting, however, the greatest economy 
is generally attained. 
Taking the same width 
of bar as formerly, 
find that Ii}' arr. 
ing the rivets as in 
Fig. 197 wo have ; 
length of cover 13-5", 
anil a net area of plate 

= 3-625 
itrength of 181 tons as compared with 



This may not appear self-evident, 11 



square inches. This gives ; 

IC'35 and 14-36 in the other cases. 
Here the strength of the plate ia weakened by one rivet hole only. 

~ -- - - ^j ^^^ be explained as follows: — 

T = tho tensile pull coming on 
the jdate, ^ = resistance to ten- 
sion per square inch, d =diameter 
of one rivet, i — thickness of the 
plate, and b its breadth, all in 
inches. Then at the aection 
AA {Fiff. 19S), for equilibriiun, 
T ■m\ist = btp-dtp. After pass- 
ing A A, the rivet a having 
pull apart the plate at 6B 
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done its work, the stress tending t 
is t — dip. At OC, for equUibritini, this must = the resistance of 
the net area, i.r.., T-dtp = Up - 2dlp. Hence T = Up- dip as before. 
At DD the stress tending to pull apart the plate is T - Zdfp, for three 
rivets (1, 2 and 3) are now doing their share of resistance. The net 
area resisting this pull is hlp-3dlp. So we see that the plate is 



actually stronger at DD than it is at AA, and that in any case its 
strength is only weakened by one rivet section, dtp. 

The same fact may also be explained by considering that before 
tearing can take place at DD, the rivets at 1, 2 and 3 must be 
sheared. 

The cover plate is generally cut in a diamond or lozenge shape, 
parallel to the outer line of rivets (see dotted lines Fig. 197). 

Calculations for a Gi'ouped Joint. 

We shall now investigate the calculations necessary for a grouped 
joint. The same principles will apply to the investigation of other 
joints, but there are certain peculiarities in grouped joints which do 
not occur in others. 

We have to find: (1), the thickness of the covers; (2), the number 
of the rivets; and (3) the distribution of those rivets. 

(1). Where there is only one joint with several plates, it is clear 
from Fig. 199 that the stress on the covers is inversely proportional 
to the distance from the joint, and that the total stress in the two 
covers combined is equal to the stress in the plate which they cover. 
The other plates in the joint simply act as distance pieces. On 
the same principle we see that the theoretical thickness of the 
covers in a grouped joint would be somewhat as shown in Fig. 200, 
and that the thickness at most would be found from the expression 

X t, where n = number of plates and t = thickness of one plate. 

Of course, a cover plate would, in any case, be made of uniform 
thickness throughout, and in most cases the covers are made of the 
same thickness as the plates they cover. 
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Fig. 199. 
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Fig. 200. 
(2). As regards the total number of the rivets, we must ascertain 
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i the diameMr from conaiilering tho ratio of dia,meter : thickness of 
plate (already iiiveetigated), and then find out how many rivets are 
required to resist shearing and bearing. Let v' he the Tiumber of 
rivets in each end group, n' tlie number in each intermediate group, 
and for tho siike of example let thero bo three plates, aa in Fig. 201. 
i.et / and f be thickness of one plate and cover respect! veiy. 

1. Then, for shearings 

R= ^^ X i-, = 2{«' +«") 3-1416-4 X r/^ x r,. 

I 
The general equation, where p = number of platoa, is 

K^{-2n' + (p~l)„") --Sd^ (a). 

2. For bearing, as in Fu/s. 201, 203— 

From A to B resistance = >i' x 3ttlr^. 
„ BtoC „ =>rx2(*,. 
„ CtoD „ =n''xW(v. 
Hence totfll R =3 (u' + n) ti/r„ 

and the general equation, as before, is 

Ii = (p,i- + ip{p-l)n")dt,: 



4^ <^ — ^3 f^ — 'f^ (^ 



Ji ij' — t^ — ^ — t^ — t^ — 'i^ — <:^ — iz^ 
Fi'i. 201. 



I 



r^ ■c%[ . /r% -- c^ ic% _fl'Az>f^ f ^ 



TTm 



— 13^ — <z^ — <:^ — iz^ — -<z^ — ^iaS" — y^ — <^ , 

Fi>i. 202. 



From these two equations (a) and (>>) we uau ascertain 
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the total number of rivets. We must, of course, take the larger 
value as obtained from these equations. We have to find out now 
their distribution, i.e., the values of n' and n". 

(5$). From the known breadth of the plate, and the rules for pitch, 

we can easily ascertain the number of rivets (wross the plate, which 

will take us one step further into the investigation. Call this known 

number m. In order to find out the values of n' and n' we must 

consider what possible ways there are for the joint to fall, other 

than those already indicated. There are two such ways, viz. : — 

(i.). By the rivets in the central groups shearing, and, at the same 

time, by the covers tearing, as in Fig. 203. (ii.). By the rivets 

cutting into the covers in the end groups, and at the same time 

cutting into the plates, on one side or the other of the joint, in the 

central groups. 



\\n\n\\\\^^^x^n:^5^>^\\\\^ 



SSSeSSSSKf^f^ 



:^^i^^^^^^^m.^m\^^M 




Fig. 203. 

In (i.) the resistance of the covers to tearing is 

2{b-md) frt, 

a being the thickness of the cover, and the shearing resistance of 
the rivet is 

Hence R = 2 (J - ttw?) t'r^ + ^n'O'lUh-^, 

luid the general equation is 

R=2 {l-md) t'r^ + {p-\) 0'78d% : (y). 

(iL). The resistance of the covers is 

2n' xfx dr^. 

The resistance of the plates marked between B and D {Fig. 201) is 

27i" X ^ X 6^ X re + n'7 X dv^ = M' xtxdxVc- 
Hence 'R = dr^(2nr + 3nt\ 

and the general equation is 

li = drJ2n'f + ^{p-])n"t\ (c). 



From tliesQ equations we can aaccrtiiii the value of the niunbera ' 

As a. tnattei' of fact, the number of rivets is practically found from 
I (a), and the distribution from (y), the other equations gii'ing results 
I which are less than those found by the solution of the former two. 

ExAHPLK 31. — Design a pmind joinl fur four Y plates, eadt 12" 
I ieidf, the plates to he weakened its lUtU us pois^le. Each plate may luixt 
'o bear a tensile sirens of 20 tons. 

The bIbb of the rivets will he IJ >< i" = 3" As the plate will have 

to be weakened by at least one rivet section, the net area loft will 

2 — I" — 11 J' X ^" = 562 square inches. This will have to bear a 

s of 20 tons, hence the intensity will be 20^5-62 -^3-56 tons 

\ per square inch, which wrought iron is quite able to bear safely. 

Lotp = number of plates = 4. 

ft = number of rivets in the end groups. 
n" = number of rivets in each centml group. 
Ill, = number of riveta aci'oss the plate in direction of the 
width, 6, d, I, Ti and r^, having the usual significance 
of breadth, depth, etc. 
Then for shearing from equation '(a) — 
Total stress 

= (2ji' -r 3ii") X area of |" rivet x i tons per square inch. 



4 X 30= {2n' + 3ft")0-4417 x 4:{C-4417beingtakeafromTable XXVIII.) 
•2rt + 3ft" = 46, 

i.e., the total number of rivets. 
For Ijcaring from equation (/3)— 

Stress = Jp (2ft' + (j?- 1) «") dtr^,, 

i.e., 80=2 (2ft' ^- 3«") 3 >! i X 5. 

2ft' + 3»'' = 21. 

Hence 46, being the greater number, are required. 

As regards distribution, we see from consi derations of pitch (Fig. 
190) that the greatest number that we can put in the breadth of the 
plato ia 5. Hence m = 5 and b = 12, From equation (y) — 

Total stress =2 (h-md) ti\ + (p-l) u"xO-78dh-„ 
.e., S0'3(12-5x|}ix5 + 3ft'' 

n" = 7-3, say 8. 
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This gives eight rivets in each of the central groups, of which 
there are three, hence the number of rivets in each end group is 
J (46-3x8) = 11. 

To find what bearing strength this arrangement will have, we 
apply the values thus found to equation (^). 

= 2x11+^4x3x8) Jxjx5 
= 132 tons. 

As the total stress required is only 80 tons, it is evident that 
there is no fear of the joint giving way by the fourth method of 
failure. - 

The joint may therefore be constructed as in Fig. 204. In the 
fourth row 5 rivets are placed. As there might be 8 rivets without 
weakening the plate more than by the diameter of one rivet hole, 
this is quite safe. 
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7h€ centrm groupa mtghf hovm bemn chain ri vetted, or in rows of 5 and 3 
The arrangement here givee minimum length of cover 




Fig, 204. 

In the above example the thickness of the covers are taken as 
each J", i.e., the same thickness as the plates. It might have been 
\ of Yi ^^* practically it would be )^\ 

Rivetted joints are frequently used for the fastening of the 
memhers of iron roof trusses, lattice girders, etc. The calculations 
of these joints are very simple ; all that is required is to ascertain 
the number of rivets necessary to transfer the stress coming on the 
member from ope to the other, the calculation being worked out 
both for shearing and bearing, and the greater value taken. Then 

Q 



tJie requiremenU for pitch liave to lie met, and finally tta rivets 1 
have to be arranged so that the resultant stress home by allo£ tb 
comes symmetrically on Ijoth the members thus united, so bb to 
pi-odiice equality of atress throughout the member. To fulfil tb 
last condition projierly, it may be Tiacesaary to find out the poa 
of the neutral layer of the member, and to arrange the rivets so tbil 
they fall equally as regards their distance from that neutral liyw. 
To illustrate this subject it may he well to take the following;— 
ExAMPLB 32. — A tension har Iuls to bear a stress of 10 tims, awi il « I 
proposed to me a secMon of 5" x ^''. Fhul the tiumha- of rivets wjuirai 
to fasten it to a girder hmm, huill vp of J" plates with angle irons, as in 
Fig. 205. 



o^.9. 




Firj. 205. 



Aa the thickness of bar and plates is ^", we may use f" rivet* 
Deducting one rivet section from the bar we have (5 - J) x ^" = 2-35 
square inches. The stress intensity will therefore Ije 10 -=- 2-35 = 4'4 
tons per square inch, which ia safe enough. 



Then for shearing T = n x O-TSiP x r^, 
i.e., 10 = »xl-7668, 

n = 5'G, say G rivets. 
For bearing T = « x if x ( x r^,, 

10 = nx|x^x5, 
ji = 5-3, say rivets, as heforfi. 
These 6 riveta should be grouped round the centre fibre of 
bar, as ia Fig. 205, one rivet being in the first row, as we have gone 
on the assumption that the bar is weakened only by one rivet 
section. 



i 



If there is found to be not enough room on the plate of the boom 
to allo^F all the 6 rivets to be placed with due regard to the requiie- 
Dients of pitch, we may use what are called gusset plates, i.e., sub- 
sidiary plates of iron of sufficient size to admit of all the rivets being 
placed at either end, and thus acting as a single cover plate to the 
two members. Another alternative, where the conditions of pitch 
are almost, but not quite, fulfilled, is to use a slightly larger size of 
rivet, and thus reduce the number. In the foregoing example, for 
instance, it would have been possible to use 5 rivets of I" diameter 
instead of 6 f " rivets. 

General liemarks on the Design of Riretted Joints. 

In conclusion, it may be said that the most careful attention 
should be paid in rivetted joints to the arrangement, so 
as to secure uniformity of stress throughout the whole of 
the rivets, and uniformity of transmission to the members 
which the joint unites. It has been pointed out in a previous 
chapter that the formulae for both tension and compression bars are 
really based upon the assumption of concentric loading, and hence 
we are basing our calculations upon wrong premises if we fail to 
secure at the ends, by means of the joints, that uniformity. In join- 
ing bars to the ordinary trough section of girders, it is often impos- 
sible to arrange that the rivets shall be arranged symmetrically on 
the mean fibre, not only of the oblique bar, but also of the T-shaped 
boom, because that mean fibre is so near the angle that it is not 
practicable to drive the rivets. Instead, therefore, of having the 
trough section, as shown in Fig. 206, a more scientific form has been 
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adopted to some bridges, viz., that shown in Fig, 207, where the 
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CHAPTER XL 



Common Timber Roofs. 

Importance of Subject to Military Engineers. — Loads on Roofs.— Wind 
Pressure. — Couple Roofs. — Couple-close Roofs — Collar Beam Roofs. — 
King-post Roof. — King-post Roof without Common Rafters. — Queen-post 
Truss. — Hip and Valley Rafters. 

The design of common wooden roofs has not received much atten- 
tion in books dealing with the design of structures. 

The reason of this is not far to seek. Civil engineers, as a rule, 
are more occupied with iron or steel for permanent structures than 
with timber, and architects are naturally more occupied with the 
artistic treatment of their designs than with a detail that does not 
in most cases lend itself to ** the poetry of constniction," nor, except 
ill large buildings, to considerable economy. 

On the part of the military engineer, who has to construct public 
buildings in various parts of the world, most of which are roofed 
with timber procured locally, anrl which, though of no great span, 
are repeated again and again, such inattention would be inexcusable. 

It is fitting that in this work special attention should be paid to 
this important matter, for it is obvious that although engineering 
economy applied to one roof, or to one truss in a roof, may be, a 
matter of little importance, yet when that roof is repeated in scores 
of similar buildings (as in a barrack, or cantonment) the economy 
becomes very^ appreciable.* 

Loads on Roofs. 

The loads on roofs are partly [>erraanent, partly temporary. 

The permanent load consists of the roof covering, the common 
rafters, purlins, and trusses, the ceiling, if there is one, and any other 
load, such as a lantern skylight, that may occasionally be constructed 

* Tredgold points out that in practice " roofs are generally made too heavy, 
and that he will do a most acceptable service to his profession, who shall show 
how to retrench and execute the same roof with the smallest quantity of 
timber. He will by this take an unnecessary load off the wall^, and a large 
and useless expense from the owner." 



as an accessory. The temporary loads are workmeii going up for 
reputTB, snow in certain latitudes, and (for sqme few cases, 
corajiaratively speaking) wind pressure. Each of these lowia miist 
now be examined. 

Rnnf Cooeriiig. — The folloiving tiible ahowa the weight of \ 
kinds of root covering :^ 

Tablk XXIX. 



IFeighti of Va 



Forms of Roof Covering ; 
{Exdusies of Workmm). 
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fennurla slates oi 
Corrugated iron, 10 W.G. ... 

„ 18 , 

„ „ 20 „ 

Ceilings, ordinary lath and plaster 
Lead, including laps, but not boarding or rolls 
Felt (agpbalted) without boarding, each layer 
Sheet iron, 16 W.G. 

„ laid on the Nairn Tal syabem with WttE 

20W.U. 

Shioglas (iiHed in Barbados, Mauritius, Halifax, am! 

in India) 
Slates, laid with ?C lap. including naUs :— 
Ladies, 16"x8i" 
Countesses, 20" X 10° 

Duchesaea, 24'Kl2" 

Slate boarding, fir f'thiok ... 

'' w '.'. "■■■ 

Slating, Morar, inclusive of battens ... ... ... ... ♦- 

Tilea, ordinary plain, pointed with mortar, including laths .. 18 to 2W 

„ Algeuiras.aa used at Gibraltar, laid complete, excluding laths ^ 

,, Italian, not including boarding ... ... ... !•"■ 

,, Indian country ... ... ... ... ... '"" 

Allahabad tiling (used in N. India) single (wet), including battens '* 

double, „ 3= 

Mangalore tilea (used in S. India and Ceylon) ... about I' 

Thatch, including battens ... ... ... ... ... ™ 

„ ,, bamboo frames ... ... ... ... I'^ 

Zinc, including laps, 14 to 16 zinc gauge ... ... ... 1| to £ 

(Obtained from General Wray's Imtmction in Coiatniction, the M.W.B 

Handbook, and information sent by C.R.E.'s at foreign stationa). 

9 as reported by C.R.E., Bermuda. There 

gnityas to whether the 24 lbs. isthe weight of owe »/o6, or the' 

of the oompJetod roof per square foot. The latter is reported by other c 
as nibs. 24 lbs. ha.s been taken as being the hearier weight, and therefore 
the safe side. 
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The slope, or pitch, as it is sometimes called, of a i^oof varies with 
be material used for covering. The usual slope given for slate roofs 
n England,* and for tiled roofs in India is 26** 33', or rise = ^ span. 
it should, however, be noted that, if there is any doubt as to the 
slope, it is better to give a steep rather than a gentle slope, because 
the wind tends to drive rain beneath the overlapping covering more 
easily with gentle slopes, and also tends to strip that covering with 
greater readiness when the slope approaches the horizontal. The 
thrust on the principal rafters is also greater (other things being 
equal) with roofs of gentle slope. 

As regards the estimating of the load of common rafters, etc., it is 
best to begin calculating the thickness of all members in regular 
sequence from the roof covering downwards, and thus to ascertain 
accurately the weight coming on the trusses. Thus in a slate roof, 
having first obtained the weight of the slates from Table XXIX., we 
niay calculate the thickness of the boarding or battens, on which the 
slates are to be fastened, then calculate the common rafters, then the 
purlins, and thus we shall know accurately the weight coming on the 
supporting trusses. For approximate calculations the tables in the 
usual engineering pocketbooks may be used (Hurst, Molesworth, 
6tc.), or the following rule may be taken : — For every square foot of 
roof allow 2 lbs. for boarding and framing of the truss, but 
excluding the tie beam, for which 20 lbs. per foot run may be 
allowed. This rule, however, is only approximate, and is not 
recommended. 

In may be said, and often is said, that there is no necessity for 
Ciilculating the scantlings of timber in ordinary roofs, when there are 
scantlings for various spans given in the pocketbooks referred to. 
Such an argument is so fallacious as hardly to require an answer, 
yet it is so frequently made that it is necessary to allude to it. 
The scantlings in question are quoted from Tredgold ; they are for 
^Hisses (a) made of red fir (pimcs sylvestris) ; {Jb\ at a distance apart 
^^ 10 feet; (c), with a roof covering of countess slates, on boarding ; 
W) a slope of 26** 33' ; and {e) with a ceiling attached to the tie beam. 
V tt^y one of these five conditions be altered, the pocketbook scantlings are 
^^pplicable. 

It must be also remembered that Tredgold's rules are emj)irical, 

* It is doubtful whether any slate roof should be given a less slope than 30°. 
Ihe writer's experience at several large military stations induces him to think 
^^t slopes of 26** 33' are a very false economy. 
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and BOmetiniefl result m roofs which are uiinecefiaarily heavy. An 
r instAMce of a roof which wus actually constmcted at Bombay iu 1839. 
I with a aaving of one third of the timber which would have been nsed 
I if Tredgold's scantlings had been used, is quoted in Barlow's edilioa 
I of Tredtrold (1870), pro^^Ilg that tho recognition of the nncertainlj 

of applying these scantlings in all cases has long been recognizei 

Tfmponiiy Loiids. 

Show k usually tiiken in this country at a niaximuin of 5 lbs, pu 
square toot of surface covered. In Ameiita it is considereil that 
at least "i2 lbs. shonld be allowed. Snow weighs much less when 
Iresbly fallen than it does when partly melted and saturated wiA 
water. In the latter case it may weigh 20 to 30 Ihs. per cubic tool, 
but long before this has taken place, it will have disappeared off> 
roof of the ordinary slope, partly by sliding, [tartly by meltiif 
This wili not be the case, however, in valleys, which ahoulii '• 
avoided in roof constniction as much as possible iu all climates, bnl 
especially where snow is likely to fall. 

Allowance for Men repairing Emjs. — This subject has generally bw 
ignored in textbooks, because the allowance for wind pressure bw 
been more than sufficient to cover all that is required to eiatils 
workmen to go on the roof with safety. It is, however, necessttj 
to consider this load. The writer has known cases where a roof has 
been designed with so little regan.1 for this matter that worbnen 
laying sktes in one jiart damaged slates in another part, owing to 
excessive deflection of the timbers, and other instances where the 
roofa were not safe for working parties who had gone to clear »**? 
snow. As will be presently seen, the rules ordinarily in use fiir 
estimating wind pressure (and which constitute the greatest fact«rii 
the total pressure hithei-to ordinai-ily allowed for), are based upo" 
erroneous assumptions, hence it is unsound to assume that if a roof 
is safe as regards wind it is also safe for any other occasional W 
that may he brought to bear upon it. 

The weight of workmen repairing a roof may be considered to '* 
about, as a miiximum, half that which would be brought upon > rO»d 
bridge. Men working on a root move cautiously, and do not crOW 
together. Tho load on a bridge is not more than 70 lbs. per f*"* 
super, hence if we take 35 lbs. per foot sujier for allowance '"' 
workmen we shall be well on tho safe side, for the nature of *^* 
framing is to distribute the load, and it is not likely that there '"'^ 
Vie many men together at one time on one piirt of the surface 
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I.W.D. Handbook 15 lbs. is allowed for workmen, but it is 
ps safer to allow mor^, to admit of men clearing snow, etc. 

Wind Pressure,* 

is is such an important subject, and the effect of recent 
tigation has been so contrary to ideas formerly held, that it is 
sary that the matter should be entered into in some detail, 
edgold held that an allowance of 40 lbs. for *' wind and other 
ional loads" was sufficient. This view was objected to by 
writers on the ground that the wind could not blow on both 
of the roof at the same time, and that, in estimating wind 
lire, the effect of the wind should be considered as acting on one 
Dnly, that it should be treated as a uniform load on that side, 
that its amount should be found by considering the maximum 
ontal wind force as ascertained by observations upon a plane 
hen resolving that force normall}' to the direction of the slope of 
oof. These rules were held as applicable to roofs of any height 
the ground, and built upon any kind of walls. It would be 
necessaiy, in order to ascertain the maxima stresses upon any 
bqr of a roof truss, to consider it under three distinct conditions, 
to draw stress diagrams for each condition, viz. : (1), with 
lanent load alone; (2), with wind blowing from one side; and 
vith wind blowing from the other side. When there was a 
ion roller under one end of t)ie roof (as in the case of iron roofs), 
natter was still further complicated. The results of these were 
tabulated, and the maxima stresses on each member estimated, 
made the calculation for any roof laborious, and tended to 
urage the easier but extravagant aid of pocketbook tables, 
out due discrimination of data. 

le disaster to the Tay Bridge in December, 1879, however, drew 
ition of engineers to the matter of wind pressure, and although 
knowledge of the subject is not yet complete, the experiments 
h have been made during the last ten years have been such as 
5ad to a much more exact realization of the actual effect of the 
I on structures.! 



This section is based generally on -the views of Professor Unwin, as 
Jssed in a lecture delivered by him at Chatham in December, 1896. 
•t may generally be said that the action of the wind on a structure is 
•gous to the eftect of water on obstacles in a stream. The problem is, in 
one of hydrodynamics. 



^ 



It is jirnposeiJ here, briefly, to give a summary of these experiments 
iimler the headings of 

(1). Amount of actual oliservetl jireasure, an'l its nature. 

(2). Intluenco of height above tlie surface of the ground. 

(3). „ ahelter. 

(4). „ form of structure, 

(5). Lifting action of whirlwinds. 

As regards (I), it has long been recognized, and recent obaerratioiit 
tend to confirm this view, that there is a definite ratio between tk 
velocity of the wind and tfao pressure caused. This ratio may b« 
approximately expressed by the following empirical formula:— 
«- = 285P, where r = velocity in miles per hour, and P = the masimiim 
pressure caused by gusta in lbs. per square foot on a completdy 
exposed plate normal to the wind. The maxima recorded preasurM 
are estimated at 62-7 ibs, per sqriaro foot ■(Mauritius hun-icane, 1893), 
80 lbs. (Bidston, Lancashire). In England generally, however, tl» 
maximum is rarely more than 55 lbs. The Board of Trade Blandud 
is 56 lbs. Tornadoes in America have been estimated to exert W 
to lOOlba. It must, however, be remembered that this maximum 
pressure is not all positive 
pressure on one side of llw 
structure. It is made up of 
positive pressure on one side 
and negutive on the ntbar, 
the former being about ji 
of the total. Ftff. 208 shows 
6 the relative amounts on » 
thin piano normal to tW 
wind and with freedom 
fi'om interference with tl" 
development of the negaf'''' 
pressure. Thus we see that if a structui'e be so situated that fi* 
negative pressure cannot come into play, the total pressure sustaio* 
will be only about O'O that due to the normal wind velocity. 

(3). The influence of height has been the subject of cateftl' 
observation. The results of experiments made by Mr. Stavenw^ 
{Fit/. 209) show that up to a height of about IB' the wi" 
pressure is low and much influenced by the ground friction- 




Fig. 203. 



Above 20 feet it gradually i: 
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5 shown in dotted lines on the figure, having its vertex 72 
round. It may be inferred from this that if the pressure at 
be taken as 30 lbs., that at 100 feet would be 42, at 200 feet 
.nd so on, the maximum being 100 lbs. Exposure on a high 
e, free from the retarding effect of ground frict'*on, would 
3 same effect as if the building were of a considerable height.* 
from this that it is on lofty structures that the necessity of 
ig to wind pressure is most urgent. 
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Fig. 209. 

^ost important of all considerations, and one which has only 
' been the subject of accurate experiment, is the effect of shelter. 
3lter is not only the protection afforded by obstacles in front 
ructure, but the protection of parts of the structure on other 
Thus, in a roof built on the usual system, with no very great 
on of eaves, the effect of the wind blowing against the walls 
oduce a buffer or cushion of air, which interferes with the 
;o of the wind on the roof, as shown in Fig. 210. From 
lents made by Professor Kernot, of Melbourne,! it appears 
) effect of the wall shelter is such that, with roofs up to 30** 
10 wind pressure is practically exerted on the roof at all. 
opes of more than 30", the percentage of the maximum wind 
3 is shown in the tabular statement in Fig. 211. It will be 



Bidston observatory is 60' high on the top of a hiU 200' facing the 
.. Practically, the wind has in this case no retardation from ground 



jpted as perfectly trustworthy by the best authorities. 



seen also from the same figure that the relative leiigtli;: of the nof 

and the wall have an appreciable influence on the subject. 

When striking a rc/of, the most effective force in point of 
destruction is that pro- 
duced by ricochet Tbt 
valleys of high - piteliod 
roofs are centres of energj, 
and the resultant forces 
deal havoc among the slates 
in those parts. The effert 
of the wind current lasaing 
up the slope of a roof is to 
strip off the covering, Iwl 
there is no recorded mm 
of a roof having been Wiwn 
directly in, although there 

are any number of instances of a roof having been blown ml, or 

upwards from below. 




Fiff. 210. 
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(4). The shape of a structure exposed to wind pressure has a VHr"J 
considerable effect upon the pressure. If the face exposed to tiM-* 
wind is not a plane, the/nmt or positive pressure is modified, and ■ ' 
the form of the structure interferes with the convergence of the««* 
cunents in roar, the haci: or negative pressure U modified. Thus, !■* 
we put K fur the i-.itio of the prussirre on a boil)' to the pressure ol* 



» 
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b thin plate of area = its projected area on a plane normal to the 
wind, then : — 

For a sphere, K = 0-31. 

„ cube, K = 0*80, wind normal to face. 

„ „ K = 0*66, wind parallel to diagonal of face. 

„ cylinder, K = 0'47. Height of cylinder = diameter, and wind 

normal to axis. 
„ cone, where height = diameter of base, K = 0'38, where the 

wind is parallel to base. 

On a cylindrical chimney the wind pressure would only be about 

half that on a thin plate of area = the diametral plane. If we were 

to take the positive front pressure only, it may easily be proved that 

the ratio would be 0*78, but the modifying effect of the negative 

pressure is to reduce it further to about 0*5. 

As regards the distribution of pressure on an oblique surface, it 

, has been proved that when a plane surface is opposed in an oblique 

direction to the action of the wind, the pressure is not equally 

distributed, but is greater near the foi'ward edge, and less towards 

the leeward edge. If a plane makes an angle 6 with the direction of 

the wind {Fig, 212), the resultant of the normal pressure R divides 

the surface into two unequal segments a and Z>, the values of which 

are considered to be as follows : — 

When 19=72° to 75°, ^ = 0-9. 



,, = 57° „ 60°, ,, = 0-8. 

,, = 43° „ 48°, ,, = 0-7. 

,, = 25° „ 29°, ,, = 0-6. 

,, = 13° ,, = 0-5. 

-%. 212 also shows the value of forces normal to the surface of a 
plane at various inclinations. These are from experinaents made in 
1^68 for the Aeronautical Society at Greenwich. 

Sir B. Baker made a series of experiments on wind pressure on 
^ti'uctures of various forms during the construction of the Forth 
*^^idge. On bodies of simple form, cubes, cylinders, etc., his 
^^periments confirm those of other observers. His experiments on 
^1^6 sheltering effect of one girder in a bridge on another will be 
^^ferred to (in Part II.) when considering the forces acting on bridges. 

(5). This leads on to another consideration, viz., the lifting effect 
^^ whirlwinds. This is unquestionably the most destructive of all 






the wind efieeta. The AnMnnt of lifting force has been tnom to U> 
nt least as nach »b 136 Itie. per aajiaTe foot.* Nor k this liftu^ 
effect confiaed to coantriis sabject to hnrrKanes, for the follovnng 
ease {aiiu>ng others) U rdaud by Mr. Scott, of the Rny;il Metaon- 
logical Society, ss Iutii^ ocrarred in Englaiul : — At Walmer, K&O, 
a Btorm tKuoed over » 2-sU>ri«J house with tho rouf mrerhangii^ 
aboat )8~. The two windows of the apper story were praniM 
with common linen blinds. The wind lifted the roof bodily, and 
Bocked one bliad along with it. It fell oUwarda in the ilirectioo n ] 
which the storm was goin^ and when the roof dropped into its plue 
agnin, it dial Ihe hiitiii intn ti^ ipocf bftwte* Stt fitf ami the kip mitmij 
briekieork in Ihe w^l. 




Fig. 212. 
This eabject is of special importaaee in coanecdoa with siupUi' 



From these facts, so far as they bear npoa the qoestioo of roob 
and the stresses produced, we may condade : — 

{a\. That the i]ietbo>l of coDsideri]:^ that the wind pressure Mti OS 
one aide otdy of a rod, and b wu&wmly dktnbated norraallf o"' 
that side is erroneous. 

(fr). Tbat,uptoask^o(30*,raofewhicharebaihw^co«itiDWiB 
walls bdow may be «ons»«red safe from wind prassoie as long * 
the walls are saf«^ 

(<>. Utat sheds or other ep«B twukUags, as long as tbey are not 
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:y great height. from the ground (say within 20'), are sufficiently 
iure against downward wind pressure. 

{d). That all sheds, and roofs with very deep eaves, and verandahs, 
pecially of buildings with several stories, should be secured against 
le upward effect of the wind by being firmly tied down to the walls 
: the building, or to the supporting pillars. 

(e). That valleys should be avoided as much as possible. We have 
Iready seen that this is desirable because of the accumulation of 
now that is apt to take place, but it is also advisable on account of 
he ricochet of wind force. 

It is, however, most desirable to stiffen roofs laterally by wind 
iea or by some diagonal bracing, as there may be otherwise a 
endency for the trusses to heel over under the influence of a lateral 
rind. Hipped ends tend to lateral stiffening. 

On the whole, therefore, if wo take 35 lbs. as the load for workmen, 
md 5 lbs. for snow, we shall arrive at the 40 lbs. originally stated by 
Tredgold as the allowance to be made in roofs for temporary loads, 
md in the roofs considered in this chapter may omit the 
Jonsideration of downward pressure from wind altogether. 

Couple Roofs, 

The simplest form of roof is that known as the couple roof, where the 
rafters, placed usually in 
this country at 12" cen- 
tral intervals, are notched 
over the wall plates at one 
end and butt against the 
ndge at the other, as shown 
in % 213. 

In this case there is no 
transverse stress in the 
■idge board. Its function 
* to afford a convenient 
position for uniting the 
■^Pper ends of all the 
afters, and for transmit- 
ting the pressure from the 
■afters at one side down those at the other. The rafters are under a 
combined stress, viz., under the transverse stress of the weight, and 
inder the compressive stress from the corresponding rafter at the other 
lide. It is, however, sufficient to consider them as beams supported^ 




Fig. 213. 
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ml uniformly loaded, without taking into (iccount the coni[iressiv« 
Btroiis as well, as it is usually eniHll. 

There is a lateral thrust on the wall, equal in amount to iW 

horizontal pressure at the ridge. The amount of total pressure pen 

unit on the waII will be presently investigated. i 

If the ridge piece be, as in Fiy. 214, 80 that the ends of tho rnftetf 

rest on the bevelled fliiles, axl 

are fastened thereto, then there- 

wiU bo a transverse stress ott tiu 

ridge, but the rafters will be i* 

lieved of compressive Btress, and 

the wall will have but littlii 

, lateral thrust. 

The lateral thrust brought «' 
^''^- "'*■ the walls by this form of roof' 

restricts its use to small spans, IS' being the maximum noder 
ordinary circumstances. Sometimes this lateral thrust ia takenbj 
iron tie rods at intervals, connecting the walls, and preventing tilt 
thrust from tending to push out the \valls ; and, in certain ciasseirf 
buildings, this is a suitable form of roof. ' 

To find the amoimt and direction of the oblique thrust coming oo 
the wall is very easy. For if we know tho amount of the wei^' 
coming on the rafter AB {Fig. 213), we know that it is kept in cqm- 
libriiiro by three forces, viz., W, acting vertically through the centreof 
the beam; P, the horizontal reaction at the ridge; and a reaction It 
the wall plate, which must, for equilibrium, pass through the intff- 
section of the other two. Tho magnitude of these force.s can 
be obtained by laying off to any scale iih = W, and drawing » 
horizontal. Then fc = horizontal reaction at the ridge, andoi=tli» 
oblique reaction at the wall. 

Without drawing a diagram, this amount and the angle of lW 
direction can be expressed analytically. It may be here remurlt«" 
that it is desirable in all roofs to have both graphic and analytJc* 
methods for ascertaining the stresses. The one method acB • 
a check on the other. 

In the case in point, if 2s be the span, and a be the 

P:\V::is:(i. 

Hence P = AVs^ 2(i = ^ W cot 6, 

= VWH(Ws-2«)^ 

= w s/i+icot^a 
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The inclination of T to the horizontal is tan -'^—, The application of 

^^ 

jAiese principles will be evident from the following : — 

Example 33. — A couple roof, 16' span, with rise = ^\ rafters at 12" 

4iiUervals, and covering countess slates on f" boarding, is built of ordinary 

ted or Scots fir. Find the scantlings of the rafters and the magnitude and 

• direction of the thrust on tlie toalls. 

The half-span is 8'. It is quite safe to consider this as the span 

ioT calculation, as only the 

part of the load resolved 

normally to the rafters tends 

to transverse nipture. If W 

1)6 that load, and the angle 

of the roof {Fig, 215), then 

the resolved portion normal 

Id the roof surface is W cos 6, 

But the half-span is to the 

«knt length of the rafters as ^*^* *''^^- 

«os 0:1. Hence it is exactly the same if we take the whole 

weight X the half-span, or take the normal component of the 

weight X the slant length. 
It is desirable that a roof of this form be stiff as well as strong, 

80 that the slates may not break by the rafter bending. Hence we 

may use the deflection formula (2) from Chapter VIIL, as well as 

that for strength. 
In the formula bc^ = USw-7- 133 we have the following values : — 

L=8pan in feet = 8, S = spacing of the rafters in feet=l, 'M; = the 

weight per square foot of the load = 10*5 (permanent) + 40 (tem- 
porary) =50*5 lbs., say 50 in round numbers. 
Then, substituting values — 

Jd8 = 8x8x8xlx50-v-l33 = 192. 

From Table XXI., p. 152, Chapter VIIL, we see that 2".x4^' 

would be a suitable scantling. 

For strength — 

L^SW 
&c^2=-J^ = 64xlx50-^140 = 23. 

This would be satisfied by 2" x 3^". 
We take the larger value, viz., 2" x 4f ''. 

R 
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To find the thrnst oa the walls, we have s = 3', a = 4', and dnt 

length of rafter = 8x966 26° 33' =9', beuce the amonnt of tfc 
thi-iiat T 

= VW^ + {W^^2-rf = v'(50x9)^ + (50)f9)2x 1*^4 X -2 = 637 D». 
The angle of the thrnst ia tan~'84-a.= l, hence the angle u t5'. 
This may be alao seen from the diagram {Fi//. 215), where the stieaw 
are drawn ti} scale. 

Some may consider that it is not worth while to devote so mxi 
apace to the cooaideration of so elementary a form of roof, bnt, u the 
same investigation would be applicable to the hip mfters in m 
ordinary hipped end, and as it has been found that there ia oftn 
difficulty iu underataniling the action of the stresses in such endnH 
ia considered a^ivisahle to give a case of the simplest solution Mon 
going to the treatment of more complex forms. In a hip rafter the 
BtreasM are transferreil to the walls at the angle, and have i 
tendency to thrust out the walls. This tendency is, to a cffl-tafn «• 
tent, counteracted by the use of "angle braces" and "dr^M 
beams," which bind toother the walla, bnt in any case the masvaj 
shoidd be so bonded that there wiU be no chance of the thrust padatg 
it out of plumb. 

The consideration of the design of walls to bear outward throit 
will be con.tidereii in a later chapter. 

Couple Clost Umifi. — To counteract the tendency of the raftos 
to cause lateral thrust on the walls, a tie beam i^ given in the eoofilt 
close roofs. This tie beam also serves to support a ceiling, if and ** 
required. 

This Ls the simplest form of truss, or frametl structure, »bJ 
as such demands attention. 

If the truas be aa in the previous case, Le., where the rafters butt 
againat a vertical ridge board, it is evident that the stress on the W , 
will be the same as the horizontal thrust against the ridgfi, *™ 
expresaed aa follows ;— The thrnst P = W x .s -;- 2(i = ^ cot tf. 

For instance, in the last example, let it be intended to relie«^ tli* 
thrust on the walla by using i" iron tie rods. Find how manytJ" 
roda wiU be required. 

A J" iron bar has a sectional area of about 02 square inch, aw 
the safe tensile streaa of wronght iron is 5 tons. Hence the aiit 
stresa on a |" bar is about 2,000 lbs. The weight on each rafteril 
the last example is 450 lbs., s = 8, and '( = 4. Hence the horinwld, 
thmat at the ridge for eaeh rafter ^ 450 x 8 -^ 2 x 4 = 450. ~ 
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Fig, 216. 



ore, 2000 -=-450 = 4 -4, so it would be quite sufficient to put the 
tie rods at 4' intervals. 

If, however, the couple close roof is of the form shown in 
lig, 216, the case is 
different. In this case 
it is a true truss, the 
principal rafters of 
'which are under a 

combined stress, of 

transverse load and 

compression. Such a 

case would occur where 

the trusses are sup- 
ported on pillars, and 

the roof covering on 

horizontal battens, such as are genemll}' required with corrugated 

iron, sheet iron, or some form of tiles. In such cases we have to 

investigate the stresses coming directly on the members from the 

direct compressive or tensile stresses, and then to consider the 

bending moment from the transverse load, combining the two as 

indicated in Chapter IX. 
(i.). The Direct Stresses. — To find these wo may draw a stress 

^iagi*am. Let W repre- 

•8ent on any scale the 

total load coming on one 

principal rafter (i^z^. 217), 

then the reactions at each 

wall will = W, there will 

be a weight W at the 
apex, and ^W resting at 
the eaves. Starting from 
the left-hand corner, and 
ivorking round in the 
lirection of the hands of 

watch, we draw the 
olygon of forces for the 
jft comer of the frame — 
^ = W, 6c = ^W— then cd 
urallel to CD, and ad 
&rallel to DA, complete 
le polygon. Marking the arrows (as indicated in Chapter 11.) 

r2 
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wo see tKat the arrows* point up in oS, down in he, down and 
to the left in al, and horizontally to the right in ih. That 
is to say that the direct stress acta in CD towai-ds the joinl, 
and is a thrust, while in DA it acts away from the joint, and 
is a pull. Passing now to the joint at the apex we know DC 
from the investigation just completed, and from the ends c and i, it 
we draw ce and tic parallel to the forces CE and ED, we have da 
polygon for the apex. From this we soa that ED is also a stnit 
The force polygon for the point at the rightrhand corner can be 
similarly drawn. 

(ii.). This stress diagram gives \\s the dii-ect stresses only. Tho 
transverse moments are found by principles with which the rewier 
is perfectly familiar, as they have been stated in Chapters IV. and 
VIII. 

Example 3i, — A cmtple-close ruqf is lo be comtrueted, span IS', 
distance apart of trusses 8', roof coveriTU/ shed iron on. baUeta at !" 
intermk, roof slope 30°, Untie)- deodar. Lei it be fmther assumed ^ it 
niay be necesmri/ to lift a weight of half a Ion, by a block and tackle fm 
the fie beam {ceiilrej.'f 

Weight on battens = 6 lbs, (permanent) + 30 lbs. (temporaryj^ 
361bs. per square foot. Without going into the calculations of these 
battens we may take it that they are 4" x 4", and add 2 lbs. pw 
square foot to the load. This will be very nearly, if not absolutflly 
correct. The total load W coming upon one principal will be 
9x sec30°x 8x38 lbs. =3,142 lbs. (Fi'j. 218). 




• Shown in lower part of Fig. 219. 

+ The roof at a. horse infirmary at a 
horw boa Iwen known to weigh a ton, 
mule is not half tliat weight. 



ation in India. An English dl»J 
a Indian troop horse or batUQ 



norse or oBvmj 
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The reactions at the walls are equal to this 3,142 lbs. + J a ton 
^60 lbs. (which may be required to be raised from the tie beam) 
* 3,702 lbs. 

Starting from the left corner, as before, we lay off {Fig. 219) 
oi=3702,6c = i 3142 = 1571,and drawee? and rfa. We find cc? = 4268, 
and (^a = 3680. 




"W^Wc 



Wc-ito. 



cL^ 




W+ {\N^ 



Fig, 219. 



We need go no further, for the stress in DE = stress in DC. 

This gives us the direct stresses. To find the combined stress we 
we must find the Mff in DC and DA respectively. 

The total weight on DC is 3,142 lbs., and the length 1 24". As the 
jMir=WZ^8* the value of this is 3,142 x 124 -^ 8 = 48,800 inch-lbs. 

Then, in the equation 

M = 48800, y=K P = direct stress = 4268, Z=124", E = 1,500,000 
^see Table XIV., Chapter III.), and I = ^\6rf^ r may be taken as 
«» 2O00 (safe). 

Making h^^^d^ and substituting the above values, we have (^ = 6*8. 
Make V x i\ 

As regards the tie beam, the Mf is JWZ, where W = J 2240, and 
/ - 1 8' « 216". Hence Mf = 60,480 inch-lbs. 

* That is considering it as a supported beam. It is really partially fixed, 
In&t csonsidering it as supported only is on the safe side. 
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The equation 



2000 = 6O4S0 X hi ■^t>'^ + 6iOO x 2 1 6- -=- 15,000,000. 

Taldng 6 = 4', so as to have the tie beam ftnd priiici[iala of ilia 
Bsme width for convenience of framing, we have in this cqiwtian 
only one unknown qnantity, viz., (/. By trial and error we sea lint 
a value of less than 8' quite satisfies the equation. Make i' kS'. 

In this case we have assumed that the roof is loaded to the 
greatest extent. As this will not always be the case, and as sudi 
loiuiing tends to reduce the compression in the upper fibres of th 
tie beam when loaded, it may be as well to ascertain what is the 
greatest compression or tension per square inch in the tie beam from 
transverse load alone. The M, is 6C480, which roust he=-j-i 

where 5 = 4, and d=8\ Hence i- = 604S0 x 6-^4 x 64 = 1, tlOlba- 
which is well within the safe limits of the material. 

The joint at the foot of the principal would be made as liescrib*^ 
in the last chapter. The roof is shown in Fiif. 218. 

CiiHar-heam Eoo/s.— As it is often inconvenient to bring thet'^-.^ 
beam so low as is done in the case of the couple-close roof, the tie ^ 
sometiroea put at some distance up the rafters. This form of ro*^^ 
known as the eollar-heam roof, is suitable for spans up to about Iti*" 
It does not relieve the walls of lateral pressure, but that latcraV 
pressure is comparati\'ely small, and the collar affords an intermediate 
point of support for the rafters*, and thus tends to economy in their 
scantling. The collar beam is usually placed at about one-third of 
the height from the wall. If not required to carry a ceiling, its 
scantling may be quite light, for all that it has to do is to take the 
tensile stress, similarly to the tie beam in the previous example. 
But if it has to t^ke a ceiling it must be calculated for deflection 
under a uniform transverse load. 

If constructed as in Fig. 220 (which is the usual method) the 
tensile stress on the collar, and the inclined pressure at the junctiim, 
is calculated as in the couple roof. 
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The pressure on the walls is made up of the components resolved 
along the rafter, of the weights on the rafter, both above and below 
tlie collar. If W^ be the weight above the collar and Wg that below 
{-Fig. 220) the angle of the roof being 6, then the thrust along the 
rafter is ( W^ + W^) sin 6. 




Fig, 220. 



If the collar be placed low, the scantling of the rafter will be 

determined from the consideration of the weight W^ acting trans- 

^i"sely on a span = distance BC between collar and ridge. But if 

*ho collar be very high, then the scantling required for this purpose 

^^y be less than required for the lower part, which has to be suffi- 

^^Qnt to resist the Mf produced by W^ cos 6 x AB + Wg cos 6 x JAB. 

"^^ the point B the rafter is exposed to the maximum transverse 

^^i*e88, and it is evident that the joint at that point should weaken 

^*^^ rafter as little as possible. 

. If there be a ceiling on BD, half its weight must be added to W^ 
^'^ Estimating the pressure on the walls. If there be a ceiling, it is 
^le^tr that the higher the collar the less the scantling required, whereas 
^^tliout a ceiling the scantling of the collar differs but little, whether , 
^^ V^e placed high or low. 

Ihe following example is given of a collar-beam roof taken from 
^ •building at Bermuda : — 

. Example 35. — Design a collar-beam roof 18' span, rafters at 12" 
^^^ervals, roofed with Bermuda slates, slope 30^ Timber pitch pine (pinus 
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.'-iliml of 



rigidii), If rnliny Ui he given uniler Iht eolUtr, kMcJi 
tlie vxuj up (Fig. 221), 

From the figure we see that the collar divides the rafter into tiro 
I portions, the upper 7' and the lower 3' 6" long. The collar haa h 
clear epan of 12'. 

For pitch pine the ultimate value of r = 7,000, hence with a factor 
of safety of 5 the value may bo taken at 1,400. E= 1,745,000, 

As the rafters are I' ai)art, and the weight of Bermuda slates is 

!4 lbs. per square foot, we have, allowing 30 lbs. for occasional 

I loads, a total weight per square foot of 54 lbs., and the weigiit 

I the rafter from A to C is 7 x 1 x 54 = 378 lbs. The joiut *t 

A has to hear, in aiidition to this, half the weight of the ceili 

i{12xl0)= - -- — 




The weight from A to B i 

3-5x10 = 35 lbs. Total, 224 

Taking moments round A w 



ilnrly, 3-5x1 x 54 = ISO + ceiling 



J. = VV.„ 



K 3-5 -W. cos 9x1-75 

= WiCoai'x3-5 + W3cosflxl-7S=M(- 

This la the same as if we took moments round B. Substituting vslnes' 
Mff=(43S X 42' + 224 X 21') 0-S6 = 20,000 inch-lba. 
Mr = -?^ = 1400 -=- 6M« = 2336,^2. 
Hence M^ = 20000 ^ 233 = 86. 

Make 6" x 2i" (sec Table XXII., Chapter VIII.). 
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see if the upper part AC requires a greater or less scantling — 

WZ 
Mff==-^ = 7x54x84"-f « = 3,970 inch-lbs., 

o 

1 is much less than the 20,000 found above. Hence we may 

" X 2V throughout. 

r deflection of the collar the maximum deflection permissible 

W=12x 10x1 = 120 lbs. 
le general equation 

0-3=^^120x1443x12 



384 X 1745000 x b(P' 
ice b(P = 107. Make 2" x 4". 

King-post Roof. 

hen the span of a roof is greater- than about 1 8', it becomes 
isary to give intermediate support to the principal rafters by 
IS of struts, and to the tic beam by a suspension tie from the 
I. The king-post truss, thus formed, is one of the commonest 
nost useful forms of arranging roof timbers, and its investigation 
' be thoroughly studied. The term " king-post " is, of course, a 
omer, for the suspension member connecting the tie beam with 
idge is not a post under compression, but a tension bar. It may 
dvantageously, in some cases, made of an iron rod instead of 
er. 

lese trusses may be constructed to bear the weight of the roof 
lither by having purlins over the junction of principals and 
s, these purlins having over them common rafters, or (2) by 
ig a series of purlins at intervals along the principals, with no 
Qon rafters. In the former case the principals are under direct 
3 only, whereas in the latter case they are under combined 

8. 

e shall consider examples of trusses under both conditions, 
former is that most usually met with, and will be first con- 
ed. 

le distribution of the weight of the roof covering has first to be 
n'ned. The common rafters usually butt against the ridge, so 



Ibat no weight at all is brought on the king head. The pole pbto 
is iiBUally resting on the tie beam beyond its junction with tile 
principal. The purlins therefore transmit, usually, alt the weight 
that the truss has to hear, and that weight is probably not modi 

more than Au//the whole weight of the roof, or — on each side. He 

method iwually accepted, however, is to consider part of the vti^t 
coming at the ridgo and part on the heel of the principal. If 
W = tho total weight coming on one principal rafter, made up w 
weight of roof covering on one side in the space between two adjscent 
trusses + the weight of the common rafters + the weight of tie 
pitrlins + principal itself + a small addition for iron straps, thenit 
would be sufficiently accurate it we considered that ^W came on tie 
purlin, and was transmitted thence to the strut below. But i( n 
perhaps more accurate to consider the common rafters as bwu 
continuous over two spans,* and the reaction at the cflnlie 
(as will be explained in Part II.) is ^W, the remaining 
proportions of the loads being as shown in Fii/. 218. Similarly,!' 
iPc be the weight of the ceiling + other members of the truss, I* 
will he supported at the centre. The total reaction at each wbU Tia 
be W + iif„ and the nei reaction will be |i{W + -,'jW. (Fig. 323). 




With these values we may set about drav 
Starting from the left hand corner, and working in the direction 
the hands of a \vatch, we have {Fig. 233) ab = 'W + ^Wc apwsn^' 



' In order that this inny be 





(]|W+4Wc)cot^ 



iiw+ ,iwc 
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md 6c = y\ (W + «;<.) downwards, known forces. To find the values 
of the two unknown forces 
CE and £A, we draw from 
c and a, ce and ae parallel 
to CE and EA respec- 
tively, meeting at e. Thus 
ce= stress on CE, and ea 
that on EA. Marking the « 
arrows in regular sequence 
from the known directions ^*^* ^^^' 

of AB and BC, and causing the remainder to follow round the 
polygon, we see that CE is in compression and EA in tension, 
and that the value analytically expressed of the stress on CE is 
(1|W + tVO cosec 0, and of EA (^fW + y\z(;c) cota 

Going on now to the joint where the strut EF supports the principal, 
we have the known forces EC (just found) and CD. Drawee, cd parallel 
to the direction of these known forces, and equal to them, on the 
same scale of forces as formerly. From d draw df parallel to DF, and 
from e draw ef parallel to EF, the two meeting in /. This completes 
the polygon for the point in question, and from this polygon we see 
that DF and EF are also in compression, since the direction of the 
arrows is towards the joint {Fig. 224). 

The next joint to be considered is that at the apex. We cannot 
take that at the foot of the king post, as there are six forces meeting 
there, of which at present we only know three. At the apex there 
are four forces,' of which we know two, viz., FD and DG. The 
stress diagram for this joint is as shown in Fig. 225, where fd and 
^9 represent the known forces and gh and fh^ drawn parallel to GH 





Fig. 225. 



and HF respectively and meeting in ^, represent the stresses un- 
known hitherto. From the arrows we see that GH is in compression 
and HP in tension. 



I 



polygo 
stress 
ehown 
If II 
ceiling. 
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ike miinner the polygon of forces for the joint at tha foot flf 
the kiog post is shown in /?. 
22S, MA, AE, EF, FH ire 
ff2^ the known forces, and HKp 
3_ Jwc KM the unknown. From tk 
polygon we see that the Bteesj 
on/i/=|(W + iC,). 

Instead of drawing e»tli 

of forces separately, we might hiive combined them in tie 

(or reciprouil diagraW; as it is sometimsB alleJ) 



Fi:j. 226. 



in Fig. 227. 

■f l»cj neglected, which is quite permisaihle where there is no 
the stress diagram would bo as in Fiij, 228. 



''K^ 


^ 




•x: 


°^^ 


^<^ 




Fiij. 227. Fig. 228. 

Without drawing stress diagrams, it is possible to arrive at t^*" 
maxima direct stresses on each member of the truss from the valit ^* 
as noted above, and which are as follows r — 
Maximum stress on principal (compression) 

= ce = rff cosece = {I^W + JVw„) co.sec H (i.]| 

Maximum stress on tie beam (tension) 

^ae = cg cot fl = (IJW + ^w,) eot 6 (ii.f 

a strut (compresaioii) 

= «/=yVW cosec ft (iiLJ 

1 king-post (tension) 

.;./.j(w + „.) (i^ 

' III nil tlicse (liagrania atruta nre abown iu tliiclt, ties in thin, 



Maximum stress o 



Me 
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Of course, these apply only to trusses of this form, and loaded in 
le manner which we have been hitherto considering. 

If we consider the weight on the tniss as transmitted solely from 
he purlin, and, if further, we consider the purlin to bear about f of 
he weight of the roof covering on one side (it probably bears 
ibout I), and if the weight on the pole plate rest on the tie beam 
outside the truss, we then have the load and reciprocal shown on 
Figs. 229, 230. This is to the same scale, and for the same loads, as 




Fig. 229. 

^g, 227. From it we see the stresses on the principal and tie beam 

e less, being (| W + y^t^c) cosec 6 

^d (|W X ^Wq) cob respectively, 

id the stresses on the king post 

id struts slightly more, than 

>rmulas (iii.) and (iv.). The 

t*Ut has T^W cosec 6 and the 

ng post |W + f i^c- 

Example 36. — Design a king- 

st truss 28' span from centre to 

^ire of wall plates. Slope 26" 33'. 

'^nJer, Scots fir (pinus sylvestris). 




Fig. 230. 



^of covering, countess slates on f" hoarding. Snow, 5 lbs. per square foot 
he allowed for. Distance apart of trusses, 10 feet. A ceiling is to be 

''^ from the tie beams, weighing 10 lbs. per square foot. 
Common Rafters. — 

Weight of covering, countess slates on f" boarding = 10*5 lbs. 
„ „ workmen and snow = 40 „ 



Total w (per square foot) =50*5 lbs. 

The rafters are usually placed, in England, at 12" central intervals, 
^d clear span from pole plate to purlin, or from purlin to ridge is 8'. 




e might consider the rafters as beams fixed at the ends, hutitll'' 
(UBiial, and on the safe side, to consider them as auppoi-ted only. 
Calculating for strength — 

M- = ^''^"' becomes Six 1 x 50-5-f HO = 23. 
140 

[ IJ' X i" woidd (io, but it the wood is of inferior ijuality, make 3"x4". 

It is not necessary to calculate for deflection, although this wovli I 
Bgive higher values. The reason that the calculation for deflection is 
F'not necessary in this case is that the amount of deflection produced ini 
f beam 2" x 4", with the weight, in this case, loaded uniformly, and sup- 
' ported at the ends of a span of 8', would be only 0'35", an amoiint I 
that would not cause the slates to break or crack. As the r^ftere are 
not supported, but fixed, it is evident that even this small amount of 
deflection would not take place. 

Purlitis. — The increment of weight caused by the common rafterB, 

1 iiB just ascertained, is 1 x 2" x i" x 36 lbs. (weight per cubic foot of lbs i 

timber) = 2 lbs. Hence the vahie of w = 50'5 + 2 = 53!bs. approximately. 

The total weight on one side between two adjacent trusaes il 

16 X 10x53 = 6,480 lbs., of which the central purlin bears 5,1*11 

[ 4.050 Iba. Then Ad2 = Lx40SO-=-140 = 320. Make 6" x 8" (see TaMe 

XXII., Chapter ViU.). 

The calculation for deflection is again in thia case unnecessar)'. 
\ for the same reasons before stated. 

Muin Truss.— ^he total loads coming on one principal a 



Temporary load IG x 10 x 40 . 
Roof covering 16 x 10 x 10-5 
10 common rafters 16 x 10 x 2 
Purlin 10xo"x8"x3e 
Principal* (say) 1 x 16 x 4" x 6 
Ironwork (say) ... 



= 6400 lbs. , 
= 161 





Total W 






= S62ulb^S 


Weight on tie beam- 






■ 


Tie beam* (say) 28 x 6" x 12" 


x36 ... 




= so4ibs. m 


2 struts* 1 


(sav)2 X 8 X 4" X 4" X 36 




u„m 


King post* (say 4' x 4")1 x 4 


X 4" X 4 X 


36 ... 


- IG „ ■ 


Ceiling at 


10 lbs. per square 
Total w. 


foot 28 X 


10x10 


= 2800 „ ^ 
= 3334 lbs. 


• These can q 


nly apptoximfttely be 


estimate.! 


as yet. 


Pocketbook Ubla» 


are useful for tlii 


a purpose. 












wortb noting that in the above value w„ the weight of thM 

ceiling is a very large proportion of the whole. Hence, when there 

is no ceiling, ic,. may be neglected. 

From Formula (i.)- — 

we get— 

Stress on princiija! 

= (iJ>!8620 + /vxS384) 2-245 = 18,200 lbs. 
Tension on tie beam 

= (-j:^ X 8620 + /^ X 3384) cot 6 = 8093 x 2 = 15,186 lbs. 
Compression in struts 

= tVW cosec e = -/;5.S620x 2-245 = 6,100 lbs. 
Tension in king post 

= I (W + w,} = 5 -=- 8 {3620 + 3384) = 7,500 lbs. 
We have thus found the direct mnxinia etreasea in the various 
aembere. We must now arrange for suitable scantlings. 

Principal. — Assume one dimension as 4". The length between 

heel and Junction of strut is 8', or 96". Hence i t ft : : 96 : 4 - 24 : 1. 

Hence P = |ro A (see Formula (4), page 160). 

P=<iirect stress on Btrut=18,200 lbs., and r( = I,200, 

stress per unit of area against crushing. 

.-.A = 18200 H- 600 = 30. Make f)" x 0". 

TU Beam — Tension = 16, 186 lbs. Make 5" wide to frame into the 

principal. Then i\ for red fir = 12000 (Table XIV., Chapter HI.). 

Safe value of ri = 12000 -=-5 = 2400 lbs. per square inch. Area of 

•"■oas section = 16186 -^ 2400 = 7 square inches. As breadth = 6, 

"®pth = 7 -^ 4 = 1 '4. Ab about 3" would be taken up with framing, 

•*e tie should be 5" x 5". If there toere no ceiling, it would be ample to ' 

"^''Xre it tkf sime as the principal, viz , 5" x 6". 

teut the deflection of the tie beam under the weight of the ceiling 
"^'ist be taken into account. For deflection L = 14 (distance from 
^^H to central supporting strap), S = 10 {distance apart of trusses, 
*■*»<! w (weight of ceiling) = 10 lbs. 

liencefeP=196xl400-^ 133 = 2062. Taking h = i", d might be 
*h". Make 5" X 8". 

If a double tie of two planks had been used, each I J" thick, the 
**e Jith might have been 2062 -^ 3 = 8 75, say 9". " 



j^ii^rii 1-. jtM«' \.::ii»'e:i5:oi = v»« — - = r-i H-sii'Jt ? = rr..A Tomiiiit r 
', '".v 1 = r- ■ s.;iv = _i" ■. B^iict ^= rj(K ^ (;{K = 1 - I: 

v.- iiiivAi .' 1. :::■ r""t? ; i-jiiS" diiueiisioi a: L- aiic. raiit - x '-r 
"'ii!* v-,>u.. ;i-. : .-. iwiTMr - - T.-.>uit irt anii)it.. hir. i3_ nrctfi: i: 

;l.1vV1 a: L4.^) v 'V,;. c"'-. ; -— "iiioiia 'jr'*s».. o: itnoir T' Tiii jfifcsr 
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; economical than is usually the case. Yet it works out to a much 
re economical roof than that given by Tredgold. 




^ 



Def^ctm 



i 

/ / . PuHinM not over Junet/o/i of atrutm /^ 

2 . Principals notched fbrpurlina beyoifd atrutt ^ 

3 . Tie beam notchtd -for atrap. no bearing plate, ' 
strap maximum tension. 

4- .Junction of principal and tie beam not over wafi 

5 .Joints not on centrs'tinss of members -eecentne stresses 

6 . King post wasteful of timber. 
7 . Common rafters resting on and crushing end of King. 

Fig, 231. 




impro\tementm < 



I . /Kirltne over junctions of atruts. j^ 

2 Purlins and principals netchsd or eoggsd 

3 . Tie beam doubts, strop with minimum tension 

4 Junction of principal and tie beam over wall plate 

S.Jffinfeon centre linea of members, concentric stresses. 

6. King post with etctra pieces nai/ed on top and bottom. 

7 Common rafter a butting against ridgs. clear of king bead. 

Fig. 232. 



Per purposes of comparison, the scantlings given for the above 
J^ss by Tredgold are given side by side with those just calculated. 



Common rafters 
Purlins ... 
Principals 
Tie beam 
Struts ... 
Bang post 



Tredgold. As Calculated. 

2"x4" 2"xr. 

5j"x8f 5"x8". 

3|''x6" 5"x6". 

e'xllj" 5" X 8" or 3" X 9". 

4rx2f 5"xr. 

i"x6'' 5"x2". 

s 
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It is not clear how Tredgold proposes practically to frame the 
members he gives together. For instance, it would not be possible 
to make a good joint between a principal 3h" x 6" and a strut 

Example 37. — To show Jww the covering and- timber cause variation, 
let U8 take the same span, slope and spacing of trusses, but let the timber 
he sfd (shorea robusta) and the roof covering double Allahabad tiling. 
No ceiling. 

The common rafters support the tiles on 1" x 1 J" battens, the rafters 
themselves being at 2' intervals. For strength 66?- = L2&m;-j-166.* 
The weight of the roof covering and workmen = 52 lbs. per square 
foot. Hence ^>^ = 64 x 2 x 52 ^ 1 66. Make 2" x 4*". 

Purlins, — As s^ weighs 55 lbs. per cubic foot, the increment of 
weight per square foot for the common rafters 

= 5 X 16 X 2" X 4^x55^10x16 = 1-7, say 2 lbs. 

Hence w = about 55 lbs., allowing 1 lb. extra for nails, etc. 
For strength — 

hdr- = L^Sw-r 166 = 100 X 8 X 55 -r 166 = 268. 

Make 5" x 7 J" (see Table XXH., p. 155). 
Principal, — Weight on one principal : — 

Roof covering, battens, and common rafters 16x10x55 = 8800 lbs. 

Purlin 10x4rx6rx55 = HI 

Add for principal 120 lbs. (say) and ironwork 20 lbs. ... = l^o 






W=9051 lbs. 

Hence thrust on heel = } JW cosec ^ = 7520 x 2*28 = 16,800 lbs. 

Assume 4" as one dimension, then ^ : A : : 96 : 4, i.g., 24 : 1. 

Hence P-= ir,,A (Formula 4, Chapter IX.). 

From Table XIV. r,, = 6,000 ultimate = 1,200 safe lbs. per square 
inch. 

Hence 16800 - 600 x A, le., A = 28. 

Make 1" x 4". 

Make tie beam 4" x 6", struts 4" x 4", king post 4" x 3". 

It is unnecessary to show the full calculations for these members, 
as there is no difference in principle from the example previously 
worked out. 

* See page 139. 



Kiiiij^post Tt'ijs witkmil Common Miiflaf, and several Piirlinx. 

In this case the principal rafter is under u combined compreasive i 
and direct stress. It is not sufBcreot to calculate it for one and for ' 
the other, and take the larger of the scantlinga thus found : it must 
be conaiderod on the same principles as Example 34. 

As the load is no longer trau^mitted by common raftei's, con- 
tinuoua over two spans, the net reaction at the heel of the principal 
is not -j-JW, but JW, hence the direct stress on the principal is 
|W cosec 6, the tension on the tie beam ia JW cot 6, and the com- i 
presaion on the struts ia JW cosec (J. 

Example 38. — Design a truss foi- span of 24', distance apart of ' 
trusses 8', slope 30°, timber spruce {abies oxcelsa), roof covering cormgaUd 
iron 18 W.G. onpurlins 3' apart. 

The values for r and E for spruce are 5,000 and 1,575,000 re- 
spectively. The weight of corrugated iron 18 W.G. = 2lb3. per 
square foot. Total weight per foot on roof is 

35 lbs. (workmen) +■ 5(snow) + 2 = 4-2 lbs. = u: 

Purlins . — 

/ = 96 inches, i.e., distance apJirt of trusses. 

W = 8x2x42 = 673. 

'Wl-i-S = rhd--i-G,i.e., 672 x 96-8 = 500OM-H-5 (factor of safety) x 6. j 

.■.M= = 48. Make 3" X 4". 

Principal. — Length of one ratter = i span x sec 30° = 14 feet nearly. 

Weight on one rafter — 

Root covering and load 14xS x 42 =4704 lbs. 

Purlins 7 x 8 x 3" x 4" x 30 Hw. (weight of 

spruce) , = 140 „ 

Principal (say) 6" X 4" X 14x30 = 70 „ 

Ironwork (say) = 20 „ 

Total \V =4934 lbs., say 3000 ' 

P = ^W cosec e = 7,500 lbs. 

Now the Ma in a continuous beam of two spans = W7 + 8, where 
W" = weight on one of the spans = J W, as found before = JSOOO = 2500. 
i = il4xl2" = 84". HencBMtf=2.')0Ox84 + 8 = 36,200''inch]bs. It 
r' = stress intensity from the transverse load = M^x 64-i(i= and 
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T-Wt TTftgf iiif:_ 



= JB#— ^-i.— 



Timniafc 



ICE 



Tue «ts%i» UL 1^ ^ ifOOL. mnifcfc. bdc cng iwe ^wmuc i»e innDA 
ifi£t«fc ifti}r. miksm '^^kt^n: Jk u gBimtg. or DC^iBr !h»d an j^ ix ^i«mL 

Wxi>ni laie tipait *nLSf^'i(t WS^^stt iu^i^-B^Kii 1 5 ^biKxnns ineairreideirtlT 



t>b^ b^ttiii <if 1^ t^jmm^jB jxh^ars iiecome seKrhr 10 liBnraen sD^ipc«t& 
Ui*d*5? "tibvfe^ eircnniHijaiow ri k t»€?ii&er "to xse & cnaoett-pctsr truss. 

'J'iiit bpaxi viOi hit iu*^d clj:» xc« f»0 idiiani ueoesHiatiing x-err beaTT 

^iiii*#e!fi iii •^Tdiiiarr f^h^iL. Tiif farm of "nrass is Sblso conTerdent 
M'ii^ii it ife d^wr»jc t»o xr:ii l^q j^mic T'yjm sTtoTf- the levei of tiie tie 
\ji^m, or wi**^ it it fyjuj^Otensd (iesra3:»je xc* hare & flai part on the 

Tii^ truss h %hown in Fi<7. ^So, and ti>e oarrespcaKiing stress 




Fig, 233. 
tllm/^vam in /%'. 234. From the latter it will be seen that if we con- 
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sider, as before, the common rafter as a continuous beam, and if the 
weight on one principal = W, and the weight on tie-beam = t^c» 
the direct stresses on the various members may be found from the 
following values : — 

Compression on principal 

= (rfW + Ji^c) cosec 6. 
Tension on tie beam 

Tension on queen posts 



Compression on struts 






= — - cosec ^. 
6 



Compression on straining beam 
Compression on straining sill 



= cot u, 
6 



^^(W+Wc)^ 




Aw /H*w 



Fig, 234. 



Accurately i^W 



Ab in the case of a king-post truss, so, even more commonlj', b 
I the cue of the queen post, the common rnfters butt ag-.vinst ibt 

ridge. The upper part of the principal ia naiially omitted, and tie 
I lower part of the common rafters come on the pole plate, whith 
I roats usually on the wall or on tho tie bea,m beyond its jaiiclioii 
. with the pn'ncipal. The diHtribution of load in such a case Is 

approximately as shown in Fig. iS5, and the stress diagram iii 
I Fiff. 236, These are on the same scale as Figs. 233, 234, and the re- 
I suiting stresses are, it will be seen, rather less than those given almrt 
I There is no doubt, however, that they are quite as accurate. 




Fuj. 236. 



No example of a roof of this form is necessary, as the method 0' 
working out is the same aa in former c 





Fi'j. 2 
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Other forms of timber trusses avQ iinusTul, except with cun'od 
ribs, which we ahull 
consider in the next 
chapter. It is pnsiihU 
to "build 11]) triiasea of 
very light scantling, 
somewhat in the form 
shown in Fig. 237, 
taken from an actuiil 
case. This roof can 
safely bear 40 lbs. per 
square foot. Such i-oofs would only be used in temporary Btruc- 
ti'res, such aa hiita or aheda, but would be very useful in the field. 

Hip and Vidlei/ Rafters, 
Before leaving the subject of wooden roofs, it is necessary to say 
* few- words on the subject of hip and valley rafters. Aa has already 
'>een mentioned, hip rafters are, as n, rule, only inclined ridge boards 
"nder no stress. Where this construction ia adopted there is an 
outward thrust on the walla at the angle from the jack rafters, and 
'•^m the end of the hip. This ia coii interacted by the bonding of 
'Q6 masonry at the angle, and by angle braces connecting the two 
P*rt8 of the roof that are at right anglea to each other. 

^Vith valley rafters the case ia not quite so aimple. There the 
^alley rafter supports a portion of the roof indicated by the shaded 
Pat^; in f{,j_ 23a_ The valley rafter is, therefore, a beam under a 
""^iform transverse load. 

The arrangement for aupporting the purlins at a hipped end ia not 



*lWi 



th. 



'ays easy. These purlins are below the hip, and that portion of 



■^ purlin at light angles to the main line of the roof is sometimes 

f**Pported by a half truss, as indicated by AA in Fig. 239. This 

**-'f truss is often omitted, and the end purlin supported by the ends 

tfae longitudinal purlin. This is, therefore, a cantilever loaded 

*ta extremity with a load equal to the shaded portion in Fig. 239, 

l"^-. -J total ivoight of the end bay, and a unifoi-mly distributed 

^*1 = ABCD. The ordinary scantlings for purlins are generally 

**lflBcient to take this safely. 

It is aometimea not very ca.'jy to arrange the trusses in a roof with 
'^■'^y salient ami re-entering anglea. The trusses should be arranged 
^ as not to come vertically over door or window openings. Fig. 240 



sVi. 



■o^va a pluu of a building of this dea 



riptK 



, and Fig. 341 shows 



the proposed arrangement of roof timbers. The commou raftei's 
" V omitted from this figure for the sake of clearness. f 





In any case t!ie roof must lie made to fit the iva.Us, not the wiiU* 
altered to suit the roof. 




On all plans of dwelling house* the portions of tmsaes shoold b 
[ndicitteil on the same drawing that shows door and window 

iiigs, and chimneys. 




CHAPTER XII. 



Roofs (Timber Eibs, Iron and Steel). 

EjDilen Boofs with Curved Memljera.— Hammer Beam Trusaes. — Compoeite 
Trusaes. — Iron and Steel Roofa. — Method of Seotions. — UseB of Stress 
DiftgramB in Modifying Design.— Application to Cantilevers, 
thiB chapter it is proposed to consider some forms of roofs other 
an those already invoatigatod. Those which it ia now proposed to 
Consider are ; — -(1). Timber roofa with curved members. (2). Com- 
posite roofs of wood and iron. (3). Iron or steel roofs. 
JFooiien Hoofs wilh Curved Members. 
. is sometimes possible to build up the curved ribs of several 
pieces, either of vertical planks of short lengths breaking joint, or 
uorizontnl planks of conaidemble length bent to the required curve. 
In either case the method of investigation ia the same, although 
there are practical differences in the construction, Into-lhe latter 
It 18 not intended here to enter, nor is it proposed to consider fully 
'he theory of loads upon curved ribs. This theory will be sub- 
*^aently considered (in Part II.) in connection with suspension 
•""'dges and arches. It ia sufficient fof our present p'U'poses briefly 
^° indicate the method of investigation proposed by Prof, Eanlcine 
°^ riljs under any form of load. This investigation is as follows : — 
[ Ij6t AB {Fig. 242) be a curved rib of any form, and loaded with 
I vertii:al load distributed in any manner. To find the total 
P*^*izontal pressure against the rib below a given point C, we may 



fh 



a vertical line ob {Fig. 243) to represent a scale of loads, taking 
'P to represent the vertical load supported on the arc AC. 
rough h draw the horizontal lino he, cutting oc in e, where oc is 
*^i^llel to the tangent at C, then oc^T will be the thrust along the 
**> at C, and Ac=H will be the total horizontal pressure which 
^*»st be exerted against CB, the part of the rib below C. 

Jjow if C be a point in the rib a short way below C, and if on 
**^ diagram of forces oc' be drawn parallel to the tangent at C, and 
* <Dn the scale of loads oh' be taken equal to the vertical load on arc 
*-C;', then the horizontiil line h'e' represents the pressure which must 
^ exerted against the part of the rib below C. The difference 
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Fig, 246. 



a certain amount of that required pressure or tension, yet the 
Btracture will be in very unsuitable equilibrium, and would require 
bracing, as shown in the dotted lines in Fig, 244. 

This form of structure is not uncommon, but it is not to be 
recommended, as it de- 
pends largely on the 
3fl5ciency of the bracing, 
ntroducing a new 
naterial into the struc- 
'Ure. A better and 
nore common form of 
Jonstruction with 
curved ribs is that 
ihown in Fig, 246, 
iaken from an actual 
:ase. In this case the 
pressure is brought 

ipon the ribs at two points equi-distant from the centre by means 
^f two principal rafters tangential to the rib at those points. The 
Bfifect of the load coming on these two principal rafters is not only 
to supply outward pressure, but to stiffen the whole structure, so 
that in the erent of one side of the roof being loaded, any tendency 
to deformation is taken by the rafters on the other side. We may, 
in fact, without sensible error, consider the portion ADE as a truss, 
and BAG as an inclined prop in two parts BA and AC. In such a 
case the upper portion of the rib from A to E would be in tension, 
but would be prevented from sagging by the vertical tension bars 
from the ridge. The vertical member BC is not necessary, provided 
^he walls of the building are sufficiently substantial to bear the 
lateral thrust coming upon them, but that vertical portion is 
frequently included for the purpose of uniting the foot of AC with 
AB. 

Hammer Beam Trusses, 

This form of truss is frequently met with in buildings where 
architectural effect is a matter of importance. It is common in 
G^othic architecture; a well-known example being the magnificent 
roof of Westminster Hall, built in 1396. The absence of a tie beam 
^Jiables a window, pictures, or other ^ornament at the end of the 
building to be fully seen, and the curved members have the effect of 
J^lieving the stiff* appearance produced by the ordinary timbers in a 
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roof. PhUa IV. and V. show the applicalion of such a tress lo 
(Example 39) a span of 50 feet. It is obvious that such a tnise 
ivoiUcI not be used where v;.\h are relatively low, for in such a ewe 
the building would appear " top heavy," nor with a slope of roof leu 
than 46°. Such a tru£s, in fact, is intended for use in a building of 
lofty height, and genenilly of dignified appearance. In the case we 
arc considering the walls are 30' in height, the tnisBos are 10' apart, 
and the slope is 45°. It will be seen that the absence of a tio rod 
ng the two lower joints causes a tendency to spread laterally, 
which is generally counteracted by buttresses placed outside the 
walls. These buttresses, again, are susceptible of architectural treat- 
ment, and form, as is well known, a feature of Gothic architecture. 
Where such a thrust is furnished by the buttresses, and the load k 
equally distributed all over the truss, all the members are not 
necessary, and some of them, such as IG, GW, MN, ami WK 
{Fig. 1, Plate V.) are without any stress, but if the load is not 
equally distributed all over (as when wind is blowing on the root 
from one side or the other, a matter which will be present 
investigated), most of these members become subject to a certain 
amount of stress. The effect of the curved members BW, ffG, 
WN, WU is the same as though they wore straight, as indicated in 
cliain-dotted lines. The curve in these timbers is given foi 
architectui'al effect, and is not intended to indicate any advaatlge 
from a statical point of view. If the abutments or walls «re 
capable of furnishing all the horizontal thrusts required, it will 
be seen that we have roally a kingpost truss, 2, 3, 4, supported on 
two inclined frame struts, shown by the dotted linoa 1, 2 and 4, 6' 
We have now, therefore, to find what is the amount of horiz£Bil*l 
thrust furnished by the abutments at 7 and 6, and we cau do so m 
either of the following ways :— 

(1). We see that if the whole load transmitted from the purlin! 
to the truss on either side of the roof is equal to W, the truss 2, M 
(Fiff. 1, Plate V.) will have to bear W, and JW will be supported it 
each of the joints 2 and 4. Then iW rests upon 1 — 2 and npon 
4 — 5, hence at the joint 2, iW + JW = |W has to be supported on 
the inclined strut 7, 2. Draw al verticaliy = |W {Fig. 4, PlaltV- 
draw ug parallel to the dotted line 7 — 2. From 6 draw H 
horizontally ; 617 then represents the horizontal thnist at 7 or it i. 
In the case in point, alIowing.a weight of 50 lbs. per square foot, if 
equals 7,000 lbs. 

(2). The second method is to multiply |W by the perpendicular 
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istance of 2 from AB, and divide by the height of the Point 2 above 
— 6. This is the same as taking moments around Point 7. 
We are now in a position to draw the stress diagram for the 
hole truss. For the joint at 7 we have three forces, viz.: the 
clined strut 7 — 2, the curved rib BW, and the vertical member or 
ui) of the wall AB. By this time we know the magnitude and 
rection of inclined thrust WA ( = a^ in Fig, 4), and we know the 
rections of the other two. Therefore we can draw the stress 
agram wa, ab, bw (Fig. 2, Plate V.). Then passing to the joint 
- 1 we have 5a, ac, cd, db, and so on in regular sequence, obtaining 
timately the stress diagram shown in Fig. 2, Flate V. An 
vestigation of this figure shows that most of the members are in 
impression, the exceptions being the beams bd, su, and Ik. The 
nounts of compression or tension in any members are comparatively 
nail. 

If, however, we were to omit the curved ribs WB and WU, the 
feet would be that there would be no horizontal thrust brought 
pon the walls, but a large increase of stress upon' the other members 
: the truss. In such a case Ik would have the greatest tension, and 
I^G and WN, which previously were without stress, would now 
ave very considerable tension. The stress diagram is shown on 
^ig. 3, Flate V. This shows the necessity of securing the joint at 
tie junction of WB and WG. 

We have now to consider the effect of wind pressure upon such a 
bructure. Assuming that the building has been constructed on some 
3fty eminence where the friction of the ground has no retarding effect 
pon the wind pressure, which may be taken at 50 lbs. per square 
oot on a thin vertical plate, we see that the amount which will be 
lormal on such a roof will be very small indeed, for it is evident 
hat all that we need take account of is the positive front pressure, 
ince there is no possibility of a negative back pressure acting on 
he other side, i.e., the interior of the building. The amount, 
herefore, of horizontal pressure on a vertical plane that we should 
iave to consider would be about 30 lbs. per square foot. From Fig. 
^11, p. 236, we see that the percentage of normal pressure on a 45" 
'lope would be about 25 per cent, hence only about 8 lbs. per square 
oot would be the amount required. The stress diagram for wind 
pressure is shown in Fig. 2, Flate VI. In it we see that the bars wg, 
^ and Ik are in tension, the others either in compression or have no- 
stress acting upon them at all. 

The same effect, though to a greater extent, would be produced if 



■R-BEA 



^ 



PLATE V. 



rig.*. 




€V 



fJT' /SSOO 



7000 



I 



\ 



273 

resses on the various members differs in no way from that which 
Ls been previously considered. 




Fig. 247. 




Fig, 248. 



Iron and Steel Roofs, 

Trusses formed of iron or steel can often be obtained from manu- 
facturers ready made, by specifying the span, slope, distance apart 
of trusses and nature of roof covering. It is, however, most impor- 
^ut that the principles on which these trusses are designed should 
^e thoroughly understood, because, as will be seen, slight differences 
^ design lead often to very great economy. It is necessary, there - 
^I'e, to devote attention to this subjept. 

As iron or steel expands or contracts considerably under various 
'*^aiiges of temperature, and as the span of iron or steel roofs is 
;^itietimes considerable, it is necessary to make some arrangements 
^1^ allowing this expansion to take place at one end of the truss. 
Neglect of this precaution has sometimes led to very serious difl&- 
'Ulty. The internal stresses wh^ch Have been set up by the expansion 
^^ the metal and by the rigid attachment of the ends have been such 

T 
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that the atreases in various members have befin reverseil. Tie ban 
have buckled under compresieive force, and joints have shown s 
tendency to fail. In very lai'ge spans, such as those for ralwaf 
stations, it may be necessary to place friction rollers under otio end 
of the trusaea, but in moat oi'dinary cases, say up to 50 or 60 fMt, 
it is sufficient if the free end of the truss terminates in a smooth 
horizontal plate resting upon another horizont'il plate on the lop nf 
a wall, that end of the truss boin^' free to slide, the other end being 
fixed. 

In all roofs the temporary load may be brought upon onende 
only. Formerly, it was customary to consider this temporary load 
as produced by wind pressure only, but we have seen thatiiirooia 
up to 30° slope the wind pressure may be entirely neglected, and till 
for slopes up to 45° or 50° the vertical component of the wind pres- 
sure is comparatively small. On the other hand, it is quite possiMs 
that the whole of one side of the roof may be covered with mirk- 
mer, either repairing or renewing the roof covering,* or removing 
accumulated snow. The effect of such partial loading will be M 
produce stresses upon the membere of the roof which are not ^'> 
same as would be produced by unifoim loading all over. This sub- 
ject has not been alluded to in connection with the ordinary fornu 
of wooden roofs because the timber members which will be necessary 
for a uniform load all over would be equally capable of bearing 
unaym metrical temporary load+uniform permanent load. In tie 
case of iron or steel roofs the matter is somewhat different, bewus* 
these members must be designed for either tension or compresBion, 
and if it was found that any one member has to bear sometimea one 
force of stress, sometimes the other, the most suitable form of cross 
section must be adopted, so that either tension or compression msj'j 
be equally well borne. 1 

In the case, therefore, of iron roofs, we must consider the root 
imder at least four different aspects : — (1). Roof covered with * un 
form load, permanent and temporary. (3). A roof covered with 
permanent load all over and a temporary load on one side, bothBaa* 
being fixed. (3). A. roof loaded, as before in (3), on that side which 

* The writer had on ona occasion to renew the covering on one side ol ' 
large troop stable, where the slates had been laid H-itb inantficient lap to p 
vent leakage when exposed to certain winds. The weuther was bad, »uo' 
was a matter of iirgent nocessitj- tliat the horses should he kept ont of l" 
stable as short a time as possible. Every available workman was, thMefcJJ 
put oo the roof, which was thua 
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free to move. (4). Eoof loaied, as before in (2), but load on the 
iposite side from that which is free to move. Stress diagrams must 

made out for each of these four cases, the residts examined and 
issibly tabulated, and the maximum stresses, whether in tension or 
mpression, may be adopted as the active loads which each member 
ast be designed to resist. 

As regards the design of members, it is customary in the case of 
nsion bars to use either round or flat bar-iron. There is no object 
using any other form. If rivetted connections are employed, flat 
irs are commonly made use of, but if the connections are pin and 
ik, or gib and cotter, round bars are generally adopted. Compres- 
)n members, however, may be of various forms. It has been pre- 
ously pointed out that both with tension and compression members 

is highly desirable that the member should be loaded concentri- 
Jly with the axis of the member. Thus, a single angle iron is an 
^suitable form for a compression member, and even a T-iron is not 
lite perfect. T-irons, however, are frequently used for principal 
liters, because the table of the tee gives a convenient place for the 
sing of purlins, and angle irons are frequently used as purlins, 
specially with tiles or corrugated iron. Double bars of flat iron, 
Minected at intervals, as in Example 29, form a very convenient 
ad economical strut, but are limited in their application. Channel 
ons, arranged in pairs, are sometimes used, but more frequently in 
ridges than in roofs. 

In order to find the reactions produced by an unsymmetrical load, 
e have to consider the three cases of (1) both ends fixed; (2), loaded 
t fixed end ; (3), loaded at free end. In the first case, the whole 
)rce coming one side of the roof may be considered to be uniformly 
istributed over that side and acting normally. The reactions at 
oth walls will be in direction parallel to this force, and inversely 
roportional to the distances AC, CB, C being the point where the 
ne of the resultant force intersects the horizontal span AB {Fig. 249). 
1 the second case the reaction at the free end will be vertical, and 
lus the reaction at the fixed end will be found by producing the 
ne P until it cuts the vertical AD at the point D. DB will then be 
3e direction of the other reaction {Fig. 250). In the third case it 
ill be similarly obtained {F\g. 251). The stress diagrams for the 
^ur cases are illustrated in Figs. 2, 4, 5 and 6, Plate VII. 

In considering the various forms of iron roofs, we have to bear in 

iind two facts : first, that the length of the struts should be made as 

'iort as possible ; secondly, that the load which is brought upon the 

t2 



stmt should bo as direct as possible. Hence if we load a strut, 
indeed any member, with a combined direct and trunsverse lotd, 
may obbiin a atreaa intensity at one aide or the other which i 
neccBsitate a litrger section than is usually obtainable in the nurli 




Fig. 230. 

We have also to bear in mind the fact that unnecessary miiitip'' 
tion of tension members, which may be theoretically adviasHt 
not praclically economical, because there are limits to the mM 
sizes of bars wiiich can be used. 

Summarizing these rules, an iron truss should be designs 
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), with short struts ; (2), with the members under direct, and not 
>mbined, stress ; (3), with all members, whether in tension or com- 
ression, under such stresses as may be easilymet by market sections 
: metal. To these we may add (4), the struts should be arranged 
) as to have their axes in prolongation of the stresses brought on 
lem. This is, of course, a matter which has already been con- 
dered in connection with the resistance of columns, but may here 
^ain be alluded to. As an example, we may take the roof shown 
I Plate VII. 

Example 40. — Design a roof for a span of 28' in the dear, of tJie 
yrm sTiovm in Plate V., distance apart of trusses 8', slope 30°, covering 
Mntess slates on f " boarding, resting on purlins at 2' intei'nals. Material 
nld steel (Siemens-Martin). 

This form of roof is verj'- common. It has the disadvantage that 
le principal rafters are under combined stress, but otherwise it ful- 
8 most of the conditions for a good form of truss. 
As the truss rests on walls, it will be necessary to add to the span, 
given in the clear, a ceitain amount on each side to allow for span 
tween centre to centre of bearings. It will be sufficient if we add 
on each side.* Hence span for calculation = 28 + 2 = 30'. 
The weights coming on the roof are as follows : — 
Roof covering 10*5 lbs. Purlins about 2*5 lbs. Increment for 
dght of the truss itself (approximately, taken from Hurst's 
indbook) about 2 lbs. Total, 15 lbs. per square foot permanent 
id. Temporary load, workmen + snow = 40 lbs. per square foot 
rizontal = about 35 lbs. per square foot as measured on the slope. 
The total weight per square foot, therefore, may be taken at 
' lbs. 

The length of one principal rafter is nearly 17'; hence W = total ' 
iight on one side = 17 x 8 x 50 = 6800 lbs. Of this ^W is borne 

the centre = 3400, ^W at the apex = 3400, and JW = 1700 at the 
ves, while the reactions at each support = f W = 5100 lbs. 
With these data we draw the stress diagram shown in Fig, 2, 
'O^ VII. The stresses for the permanent load alone can be deduced 
om this diagram by either taking another scale of forces, as given 
1 Plate VII., or by direct proportion of the weights 50; 15. (On a 
ide rule these can, of course, be read off at once). 

We now have to consider what would be the effect of the temporary 

* This would allow a bearing of 2' on each side. With a roof of this span 
lis would be an excessive allowance, but it would be on the safe side. 
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load being brought on one side only. As a matter of fact, we shall 
find that the stresses produced by the permanent loail + the tenipornrf 
load all over are greater than any of the combinations of unsym- 
metrical loads + permanent load, hut, as an example, it is as wbI) 
to illustrate the method of investigation. Taking first the ends is 
fixed, we have to consider what ia the total amount of oblique lotul, 
and how much of that oblique load ia borne at each support As 
regards the amount, we have seeu that the total vertical load [ttm- 
porary) from workmen and snow = 40 lbs., but if this be reaolred 
normal to the roof, it will be reduced. If wo take 30 lbs. Bathe 
normal pressure per square foot, it will probably he sufficient fortbe 
purpose, at least, of demonstrating the point at issue. The total 
force, therefore, on one side will be 17 x 8 x 30 = 4080 lbs., of nbKh 
^ acts in the centre, and J at each end of the principal. The reac- 
tions in the first instance are found graphically by producing tho 
central force till it cTits the line BL at X {Fig. 3, Plate VII.), Dm* 
BY in any direction equal on any scale to 4080. Join YL, and from 
X draw XZ parallel to YL, then B2 = reaction at L and YZ=reW- 
tion at B. Having these reactions, the stress diagram shown »l 
Fig. 5 can be drawn. 

If we consider the oblique load to be acting on the fixed end, the 
other end being free to move, we see that the reaction at L willM 
vertical, the whole of the horizontal component of the obliqufl 
[jressure being taken up by the reaction at the fixed end. Hen« 
the resultant normal pressure and the two reactions will "hen 
produced meet in a point, as shown by the chain-dotted lines m 
Fiff. 3, Flute VII., and a triangle with sides parallel to these direction' 
will represent the various amounts, thus producing equilibrino. 
Draw kb parallel to the normal oblique force, and = 4,080 Ibs.oowy 
scale, then ha and iili {Fig. 4, Plate VII.) will represent the reac^ras 
at the points of support, if drawn parallel to directions of tht** 
reactions. With this polygon of loads the fitresH diagram an " 
easily drawn, and is'shown in Fig. 4. 

By a similar procedure the stress diagram for the loads wD"" 
coming on the side of the root where the free end is can be dr**^ ' 
and ia shown in Fig. 6, Plate VII. 

We have now to see whether any combination of the stresBe> "" 
any of the diagmms of oblique load + the stresses on the diagf*"' 
for the permanent load, are greater than the stresses for "* 
permanent and temporary load all over, as in Fig. 2. 

3 of reference, the loads are written on the b*** 
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►se in Fig. 2 being both for temporary + permanent loads, and for 

manent loads only, according to the scales as shown below. 

By examination of these we see that the maximum load in every 

;e is when the roof is loaded all over with permanent and temporary 

d, and we also see that the effect of oblique loading is in no case 

jh that it changes the nature of the load from tension to com- 

3ssion or otherwise. 

We may therefore safely calculate the members upon the maxima 

esses shown in the diagram (Fig, 2, Plate VII.). 

Tension Bars. — The stresses are as follows : — 

AD = 16,000 lbs. = 7-14 tons. 
FG = 8,000 lbs. = 3-57 tons. 
AG = 8,400 lbs. = 3-75 tons. 

flowing 8 tons per square inch safe tension for Siemens-Martin 
Bel, we have for AD, !!_x8 = 7-14, whence rf=r05, say V[, 

milarly FG = f' and AG = ir- 

Sti-uts. — The compression on DF = 3,000 lbs. and the length of the 
rut between bearings = 28". If we use two bars connected by 
stance pieces, which is a very good form of strut, we see that for 
•actical fastening we would require a width of about 2"*. Assume 
at each bar is 2" x ^". Then the ratio of length to least dimension 
the strut can be made as 28": 2", by arranging the distance pieces 
the centre so that the least dimension there in any direction shall 
5 2". From Table XXVI., page 175, we see that the value of the 

mstant n for this form of strut = 3, hence n x ^ = 3 x 28 -r 2 = 42. 

/I 

or mild steel, ends rounded, this value corresponds in the table 

► a value of 4*76 tons per square inch. As the cross section is 

X 2 X J" = 1", it will stand 4*76 tons, and it is actually required to 

3ar 1*34 tons. Hence we see that the dimensions required for 

tactical fastenings are very much greater than those required for 

ieoretical strength. The distance pieces may be at 9" intervals, 

^•> there may be two of them in the length of the strut. The 

method of working out this detail has already been fully gone into in 

•xample 29, Chapter X. 

Prificipal Rafters, — As the principals are loaded throughout their 

* Using a pin and link connection (see Examplie 29, Chapter X. ). A rivetted 
t>int womd not be used in a roof of this span. 
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length, they are under ooinbined compressive and 
If wc consider the rafter as continuous from ridge t 
that iho point of'maximum etmEs will be at the jnoci 
Hero the otfecl of the bending will be to bring ibt 
the T-iron into tenaion and the lower fibres into coE 
the rafter is already under compression from its posi» 
Hence the point of maximum compressive stroGs will 
fibres of the T-iron. To find' 
stress, we may proceed by tria 
we may take a market section, 
the maxima combined stresses 
are greater or leas than the mi 
stand. Take a section 3" x 4" x 
/■iff, 252, From Table XVIII. 
that the value of 1 = 5-04, and 
M(r=W/4-e, where W=weigh 
rafter= 3400 lbs., and / = half the length of the rafti 
Hence W^-^ 8 =- 3400 x 100 -r- 6 x iliiO = 18-8. say 19 ' 
value of E in tons is 13,000. P = the thrust on the 
the stress diagram = 17600 lbs. = 7-9 tons. Hence li 




combined Btress — 




^ Mffxv 19x2-67 




T ^'' 'vfu 1-8 X 10000 
^-lOE -"*- 130000 





The ultimate strength of mild steel in compre 
32 tons, the elastic limit being about 18. Hence w 
section will give a factor of safety of nearly 3. Thi 
theoretically considered advisable, although it is 
allowed in practice. Besides, in the foregoing invest 
taken a load all over the roof, which would very 
be called into play, and have, therefore, so far bejf 
certain margin of safety. Hence we may fairly com 
as perfectly safe. 

The sizes given in Hurst's pockctbook for an iron $f 
and span and load, but icilh trusses nt 6 feet apa* 
FG = jf", AG = ^", and principal rafter = 3 J" x 2J" >c 
observ'ed that all these are less than those just found; 

It is unnecessary to point out that in this truss ' 
both the principals and struts is not emplojed to the: 
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Method of Sections. 

The stresses obtained by the stress diagram as exemplified in the 
regoing investigation are, of course, subject to the disadvantage 
at any error of drawing frequently is carried throughout the whole 

the calculations, and vitiates the whole of the results. It is 
'viously important to have some method of independent check upon 
e correctness of the results. This check is supplied by what is 
lied the Method of Sections, introduced first by Professor Rankine, 
d elaborated by subsequent writers. 

This method is based upon the following principles : — For forces 
:ing in a plane, there are three conditions of equilibrium. If 
3 forces are resolved in two directions at right angles to each 
ler, then 

[1). The algebraic sum of all the vertical components must = 0. 
^2). „ „ „ horizontal „ „ =0. 

'3). „ „ „ forces about any axis perpen 

ular to the plane of the forces must = 0. 

3f these principles, the last only need be used in the method in 
nt. Let us conceive the structure cut by a line, which need not 
iessarily be straight, but should cut, if possible, only three bars, 
i conceive that forces are applied to the cut parts of those bars 
the direction of their axes, so as to keep the whole in equilibrium, 
m it is evident that those applied forces are = the stresses in the 
rs. To determine the stress in any one of these bars, it is only 
cessary to take moments of all the forces acting on the structure, 
ind the point of intei'section of the other two bars. 
Let us apply this principle to the case of the roof in the preceding 
ample. Draw a line through 
e bars FE, FG, GA {Fig, 253), 
d conceive that there are 
roes applied to the ends of 
e cut bars to keep the frame 

the left of the line in 
uilibrium. To find the 
fess on GA, we may take 
oments round the point of 
tersection of FE and FG, 
'•) the apex of the truss, 
tie forces acting on the 
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Fig, 253. 
vered part of the truss to the left of the dividing line are, besides the 
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three forces EF, FG,and U A, the reaction at AB,and the weight at CE, 
Taking moments round the aj^x, which is the point of intersection of 
the bars EF, FG, wc seo thnt there are only three forces to be taken 
account of, us the other two pass through the apex, viz , the known 
forces AB = 5,100 and CE = 3,400, and the imknown force GA. 
Measuring the leverages of these three forces and noting which 
moments tend to turn the frame in a positive, and which in a 
negative, direction, we see that — 

ABx 15 + CEx 7-5 + GAx 5-9 = 0, 
!>., GA = 5100 X 15 - 3400 x 7-5 -r5-9 = 8600. 

From the stress diagram GA = 8400, which ia neareaough forJi 
practical purposes. 

Similarly, the stress in FG might be found by producing Gian^ 
EF to meet in a point X, and taking moments round X. In ^ 
case the moments of the external forces AB and CE would bfldi be 
positive, and that of the unknown force FG negative. 

This method of sections is not only a most valuable check on th* 
accuracy of stress diagrams, but it afiords sometimes a menu of 
ascertaining the stress in a bar which is not easily determinable by 
the stress diagram method. For instance, in the truss shomi in 
Fig. 354 (which, it will be observed, is a further development of the 
form investigated in the previous example, only, by giving additioiw 
points of supports in the principals, it tends to obviate tio 




Fig. 254. 

disadvantage of combined stress) the stresses in the central pi'' 
where five bars meet, are indeterminate, beciiuse only two out « 
the five stresses are known. It is true these stresses may " 
found by symmetry, and by a little trial and error could be easily 



sections, however, 




fitted in. The method of 
exact solution of the 

problem. For examjjle, 
if vfe draw a dividing 
line to the left of the 
»pex, as ill the preced- 
ng example, cutting the 
ars RF, FX, XM, we 
in calculate the atreas 
' XM ill exactly the 
inie miinner aa in tho 
TOvious case. Having 
IM, we can find CIt, 
ad tho whole of the 
'i'eea diagram easily 
>llows {Fig. 255). Fig. 255. 

Use of Stress Diagram in Mixlifying Designs of Boofs. * 

The stress diagrams have hitherto been made use of for ascertain 
ig the stresfies in a roof of given form which has been designed' 
tere is, however, a further a nd most important use of these dii^rams" 
'nich has nob received much attention, and that is, since they 
idicate graphically the stresses produced in a design of a given 
*rKi, they also iudicate koto economy of design, inay he effected hy 
^ifiadion of tkatform. Alterations of a very slight nature in the 
'clinations of the bars, which may not iiffect tho usefulness of the 
*^, may very largely affect the stresses coming on those bars, and 
lerehy tend to economy of construction, 

-Take as an example of this principle the roof shown in Fig, 356, 
■ this case the tie bar is inclined slightly upwards. The stresa 
"gram is shown in Fig. 257. Now talto tho same roof, and make 
^ tie bar horizontal, and draw the stress diagram to the same scale 
V. 2o8).t It will be seen that the stresses in the most important 
'•^ ai-c reiluced. Go one step further, and draw the tie bar inclined 
[*iiwards, and tho other bars in such a way aa to hiing the 
*ttima stresses, and we get a roof {Fig. 253) evolved from the stress 
*gram shown in Fig. 2G0 which is theoretically economical. 

The obvious objection to this is (1) that the downward 



eluciilate tho 



■iicIinatioD of tlie ti« ban interferes with Uie head room <tf Ik 
inUirioT, and (2) that it tends to increase slightly tlie length of the 




Fig. 257. 



struts. As regards (1), there are many roofs where the head roO*' 
is not a matter of urgent imtwrtance, and as regards (2), the bIm "^ 
the struts has frequently, as in the example worked out above, to ^ 
based on the practical width required for fastening, and is alra»^ 
larger than theory demands. Hence in most cases — even whei* 
there was no economy gained by reduction of stress — the eitrs si** 
required would only be represented by the actual length increwA 
and not by any increase of cross section. 



The smaller the angle between the principal rafters and the tie 
8 at the points of 
'ports, the greater the 
tsBes on all the members 
the roof (other things 
ng constant), henco the 
I of the engineer in de- 
ling a roof should he so 
modify the inclinations 
>he bars that the minima 
:sses may be brought on 

'ig. 260 be compared 
h Fig. 257, the two 
ng on the same scale 




Fig. 259. 
id for the same conditions of span, 
ad, etc., it will be seen (!) that the 
ress on the lower part of the prin- 
pid is reduced by about half; (2), 
at the stresses in all parts of the 
incipal in Fig. 260 are nearly con- 
tnt, enabling a uniform section of '^j 
tterial to be used without waste; | 
), that the tension on some of the ' 
) bars is reduced almost to nil, and 
others is about half what it is in k 

g. 257; and (4) although the in- 
ned struts are of greater length. 
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the stress coining on them is very largely redaced. If, for example 
we consider the span to be 48', and the trasses at 8' intervals;, with 
a roof covering of countess slates, and material of the frass to be 
wrought iron (not steel), the scantling of the principals wotdd be, 
in the case of Fig, 259, T-iron 3" x 3" x |", whereas in the case of 
Fig, 256 it would need to be T-iron 4" x 4" x i". The strnte would 
all be of very light scantling in both cases, but the tie bars in 
Fig, 259 would be much lighter than in Fig, 256. 

Application to Cantilevers. 

Sometimes, in such cases as railway stations, roofs are on the 
cantilever principle. Here the stresses are very simply found by 
stress diagrams on the same principles as those already investigated. 
Fig. 261 shows such a roof, its stress diagram being shown on 
Fig. 262. It will be noticed that the stresses here are reversed from 





Fig. 2G1. 

what they would be in the case of a roof supported at the eaves. 
The principal rafters are now in tension and the tie beam in 
compression. 



hi 







Foundations, Walls, Etc. 



Prinmry Importaace of Subject. — Nature of SqiI.— Deaign of Foundations in 
Ordinary Soil.— Pile FoundationB.— SUbility of Walls. —Failure by Over- 
turning, Cniahing and Sliding. — Openings in Wallfl.— Stability ond 
DBBign of Buttreaaea,— Stability of Ordinary Chimnays. — Tall Chimney a. 
— Kmpii'ii^l RulisB for Retaining Walla and Arches Appendix. 

Thk design of the foundations of any atracturo is a matter of the 
very greatest importance, but the uorisideration of the subject has 
been in this book deferred until we have thoroughly considered all 
matters connected with the transverse load of beams, conipres3i\e 
stress of struts, the lateral force coining on roofs, and other matters 
which bear uijon the question. Without some Icnowledge of these 
it would be impossible to make a satisfactory examination of the 
ojrternal forces coming on foundations, and the intcriud resistivnee 
which they are capable of affording. 

Natu)-'', of Soil. 
The nature of the soil upoa which a building is constructed is 
neceuarily the first subject for consideration, and inasmuch as most 
:y soils are not incompressible, the usual object to bo aimed 
designing foundations is to see that the settlement of the soil 
the weight is uniform. Settlement must be expectod, but the 
Tsot of the design sliould be so to spread the weight ovei' the area 
<rf the foundation that in no part shall there be a greater tendency 
'o settle than in others. It is not intended here to enter into the 
''"riouB practical matters which must necessarily occupy an engineer's 
**t«ntion when he is actually constructing the foundations of a 
"Wilding, such as the digging of trial pits, obtaining samples of the 
^'1> etc, but it may be pointed out that where there Is any 
*^oubt about the supporting power of the soil, this may be 
^asily ascertained by the application of a test load. For 
^*tanee, a baulk of tim ber 12" square may be pl aced ve i 'tieally " 



J of a depth corresponding to the proposed foundations. Pegi 
may be driven into the surrounding ground in lines radiating frmi' 
the baulk, with their tops carefidly levelled. The timber may tliBD 
be loaded with weiijhtB niitil settlement is observed in the Burraund- 1 
ing ground, aa indicated by difference iu the levels of tha pe^ 
The weights will then indicate the load par square foot which tlw 
soil is capable of supporting. The safe load in tons per eqimn 
foot for various classes of soil is given in the following table;— 



Approrimalc Safe Load in Tons per S'/uarg Foot which Sails of Varim 
Kinds can Bear. 



AupraibiHBSift 



Sew, Dioraas, (jnickaoDd, peat nioaa. marsh laud, Bilt 

Slake and mud, hanl peat turf 

Soft, wet, paaty or muddy clay and marBh clay 

Alluvial depoBiti of moderate depths in river beds, etc. 

NoTK. — When the river bed ia rocky and the deposit 
firm tbey may safely support 0'75 ton, but not 

Diluvial clay bfidB of rivers 

Alluvial earth, loams and loamy Boils (clay and 40 to 7U% of 

sand) and clay loams (clay and about 30% of sand) 

Damp clay 

LooGO sand in shifting river bed, the safe load iucreasiDg 

with depth 

Upheaved and intermixed bods of different sound olaya 
Silted sand of uniform and Arm character in a river bed 
secure from scour, and at depths below 25'. 

Solid clay mixed with very fine sand 

NoTK. — ^Equal drainagB and condition is especially 
necessary in the case of clays, aa moisture may 
reduce them from their greatest to their leaat 
bearing capacity. VA'hon fonnd oqualiy and 
thoroughly mixed with sand and gravel, their 
snpporcing power is usually increased. 
Sound yellow clay oontaining only the normal quantity of 

Solid blue clay, marl and indurated marl, and firm boulder 

gravel and sand 

Soft chalk, impure and argillaceons 

Hard white chalk 

Ordinary Huperficiol sand beds 

Firm sand ill estnorios, bays, etc 

Note. — The Dutch engineers consider the safe load upon 
clean firm sand as 5^ tons per square foot. 
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TABLE XXX.—(Con(mifed). 

ippi'oximafe Safe Load in Tons per Square Foot iv/iirh Soils of Various 

Kinds can Bear. 



Description rf Earth. 



Very firm, compact sand foundations at a considerable depth, 

not less than 20', and compact sandy gravel 

Note. — The sustaining power of sand increases as it 
approaches a homogeneous gravelly state. 

Pirm shale, protected from the weather, and clean gravel . . . 

Compact gravel 

Note. — The relative bearing powers of gravel may be 
thus described : — I. Compact gravel. 2. Clean 
gravel. 3. Sandy gravel. 4. Clayey or Joamy 
gravel. Sound, clean, homogeneous Thames 
gravel has been weighted with 14 tons per 
square foot at a depth of only 3' to 5' below the 
surface, and presented no indication of failure. 
This gravel was similar to that of a clean pebbly 
beach. 



Approximate Sa'e 

Maximum Load in 

Tons per Square 

Foot. 



6-00 to 7-00 



6-00 to 8-00 
7-00 to 9-00 



This table is taken from Mr. Newmswi's Earth Slips and Subsidences. 
jrenerally speaking, one may allow a safe load per square foot of 
5 tons in rocky soil, 4 tons in thick clay, when dry, 1 ton in soft wet 
^lay,»8 tons in gravel and coarse sand, 4 tons in sand when compact. 
Prof. Rankine has given the following formula : — 



Load per unit of area = wh ( , -. — -" ) 

\1 - sm a/ 



^liero w equals weight of a unit volume (a cubic foot) of the soil, h 

*s the depth in feet below surface, and a is the angle of the repose of 

the foil. This formula takes no account of cohesion. It is roughly 

approximate for most soils, and has been found to give results which 

^te below those of experiment. 

It is important that foundations should be laid at such 

depths as to be unaffected by frost. This is especially the 

iaee with clay. In Great Britain clay foundations should, therefore, 

be taken to a depth of about 4' ; other soils may be taken to a depth of 

ibout 3'. When clay occurs in layers which are not horizontal, or 

Brhere there are alternate layers of clay and rock, great care is 

necessary to prevent slipping. The sliding of one layer of rock upon 

u 



p 
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the clay mny be giuii'deil against liy cutting a trench iicrnss the ilopo 
of the base and filling in with concrete. 

The Iwaring power of clayey enila, however, can be much ira/uweJ 
by dminuge. Indood, iu all cases surface or subsoil water shonid ii 
cureiully drained away (rora imy proposed foundations. 

With regard to sand also, the question of watei' is of importaiwft. 
Coarse gravel and sand forma one of the best foundations, wbiatll 
fine sand, saturated with water, is moat treacherous. Sand, hoir- 
ever, when prevented from escaping laterally, is one of the best 
foundations it is [Wssible to have. The great suspension bridge 
of Brooklyn has its piers founded ui>on a layer of sand 2' thick rort- 
ing upon rock. Many other large structures are founded upondiii 
materia] under proper precautions. When exposed to the scour of * 
river, foundations should be taken down to such a depth ae lo !» 
beyond the scouring action. The bed of a river may be of 
excellent gravel and sand, yet it would never be safe to OT* 
the foundations of a bridge to such a soil, although it would be qnile 
safe to build a structure upon it apart from the scouring action nf 
floods. The foundations for the large river bridges on the Sod- 
Peshin Railway were carried sometimes throngli 20 or 30 feet of tbo 
hardest and most closely-compact gravel and sand to solid rock 
below. Tlieso foundations have stood the test of repeated floods, 
bat there is no doubt that, had they not been taken down to rock, 
the stability of the bridges would have been seriously imperillpL 

In foundations springs are often met Avith, and give much tronbift 
not only because they wash out the mortiir from the masoniy of 
concrete, but because the force of the water acta iu a conWy 
direction to the weight of the atructiu-e, and endangers its stabilitj'' 
This was very notably the case in the construction of the Barrage "f 
the Nile. It was, however, successfully overcome by driving a pi* 
down at the site of each spring, conducting the water thence to tb« 
surface and filling round the edge of the pipe with concrete. Fili»II^> 
the pipe was plugged up. 

The soil, however, may be improved by increasing the deplJl- 
Ordinary soils will bear a greater weight at greater depths, beam* 
of the original weight that they have borne. This is especially"' 
case with clay. Sometimes, also, the soil may be improved by liB' 
ming or by driving short piles in to it. These piles need not be met* 
than about 6' long and 6" in diameter. They may be driven futtf 
close together, and the elTect will be to compress the soil i^tw*" 
them. This method of procedure, however, is not very applicable W 
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iS other than clay. Sometimes it has been found very satisfactory 
de]iosit in the foundation trenches a layer of gravel. 
Where there is a soft layer underlying a hard one, it is desirable 
leave about 8' thickness of sound earth between, and where there 
e soft portions intervening between sound parts in a foundation 
'ench, the soft parts should be arched over so as to relieve them of 
U weight. 

To ascertain the load supported by the foundation, we have to 
iODsider the weight of the building itself, the movable or temporary 
oads coming upon it, such as the weight of the floors and snow on 
jhe roof, etc., and, lastly, the effect of unsymmetrical loading, such as 
would be produced by the force of the wind. It is usually sufficient 
to consider such of these weights as act upon one foot in the length of 
the wall of the building, and not necessarily to consider the structure 
as a whole. In so doing, of course, we neglect the assistance 
afforded by the cohesion of the parts of the wall on either side of 
the strip in question, but the neglect of this cohesion is on the safe 
side. In the case of tall chimneys or other towers, it is necessary, 
however, to consider the structure as a whole. 

The manner in which the weight of the roof and floors is trans- 
ferred to the walls must obviously be taken into consideration. The 
longitudinal walls of a building designed to hold heavy goods bear, 
as a rule, the whole weight of the girders which support the floors, 
and also carry the greater part of the roof. The foundations, there- 
fore, of such longitudinal walls must be considered as bearing much 
greater weight than any of the cross walls in the building. 

A layer of concrete is now the usual bed of foundations in ordinary 
soils. The breadth is usually about V greater than the thickness 
of the brickwork above it, that is, an offset of 6' is left at either 
side, so that after the concrete bed has been laid, the exact position 
of the brick walls may be accurately marked by leaving a good 
fliargin on either side. The London County Council give 4" as the 
projection of the concrete beyond the footings. They also specify 
that the concrete shall be at least 9" thick. Such regulations, how- 
e^'er, are open to the obvious objection that no reference is made to 
the superincumbent weight, which should determine both the breadth 
^nd thickness of the concrete. 

We have then to consider what should be the breadth and thickness 
of the concrete bed. 

As regards the breadth there are two considerations, one practical, 

4e other theoretical. The first is that a sufficient breadth must be 

U2 



alloweit to give a fair baso foi' tbe supers tmcture, leaviiij 
on either side for tbe accwraW laying out of the work. The 
mid theoretical requirement is that tbe breadth must 
to bring the weight per s(|iiitre foot, coming on the soil, 
safe limits of that whicli the soil can snstain. 

For small buildings the first of these considerations gove 
width of thy foundiitions. The waits of dwellini; houses »«! 
not so much by considerations of stability as of comfort, 
minimum thickness in this country is, generally, 14". An 
(iven 4" to the concrete bed beyond the walls will genentll 
more width than is necessary to satisfy the theoretical requil 
of thi) weight on the soil being within safe limits, even witfc' 
storied houses. But where the weight borne by the walls is OS- 
sidenible, it may be necessary to determine the requisite breadllilir 
equating the weight per lineal foot of the wall and its maximiiin loaci 
with the proposed breadth of foundation, multiplied by the safelia^ 
of the soil per unit of area. The slope or angle at which the m^ 
on a concrete bed can bo distributed downwards may be safely tikai 
at 60°, according to some of the best authorities. Most cases (J WB- 
crete foumiations, worked out on the rules given below, would result 
in a steeper slope. This is on the safe side. 

To ascertain the thkhiea^ of the concrete is, however, not sowb^i 
because there are certain unknown quantities in every case, suchw 
the nature of the materials, the bonding, the quality of the conorcU:, 
the height of the footings. The aim of the engineer must be to 
extend the base of the structure in such a way as to distribute lb« 
pressure uniformly over the foundation area. We have alrsidy 
pointed out that it is necessary that the settlement must be uniforin. f 
Hence the axis of the load, that is, the vertical line through 
the centre of gravity of the weight, should pass through 
the centre of the area of the foundation. This, no doubt 
ia self-evident, but the subject is so frequently neglected that it it 
necessary here to draw special attention to it. Unquestionably t!ie 
most frequent cause of failure in foundations is duo to the imeqiw 
lowling which is brought to bear on the foundation area. All faos^ 
tions should ba ao constructed as to press the groiuid sHi/htl!/ ww*"* 
upvMnh ratlin Hum ronvex iipwards, and endeavours should be mad*"' 
bring the concrete bed into the condition of a beam of the inverW 
uaiitiluver form {Fig. 263), where the projections on either si® 
are cantilevers uniformly loaded. The calculation, therefore, of u,' 
thicltness will depend upon the resistance to tension of the concraW 



he lower layer. The ordinary formula for n 
■ilever of rectangular section is 



tiiformly-loaded 



6 ' ^ I 



I'hich r = the Moduliia of Rupture of the concrete, the value of 
ch may be taken from Table XHL, Chapter III. 
IXABIPLE 41. — Dtnign the fouwlation Jor a Ikree-sloried latrehouse, ita 
TO on Fig. 264, icillt brkk mills hiiilt on loamy ml, heanitg 1'5 tons 
-.(piare foot and let it be oisumed that the weight jw foot run on the 
I lationn IS lUtogether 6^ tons the thieknejis of the wall of the lower 
11/ ts 27 Miches 




We have first to find the width of the foundations. Evidently 
ia will be 

j^ = 4' 4" = 52 inches. 



le footings can be deeig[ied as in the figure, leaving G" clear on 
her side. Now if the brickwork is thoroughly well bonded 
d constructed, the projections AD and BC will be inverted 
Uilevers, bearing a uniform load upwards from the reaction of 
e earth equal to I^ tons per square fool, and tending to break the 
ncrete at DD', CC, then 



^= J — J-, where W = 



"r" (length of the 



< IJ tons 



piece of wall) 




= 13 inches; l=Giticheg; r for concrete of I cenieni, 1 wiidindl 
6 shingle = 133 (from Table XIII., Chapter III.). 

Giving a factor of S'ifety of 4. the concrete should bo ISiwll 

thick. In this example we bive taken li very poor class nf 

orete, but a low factor of safety. It would no doubt hwe 

^B better to have taken a good concrete, say 1 cement, 1 sand 

^^■'B shingle. The factor of safety adopted must depend upon^' 

^H. irorkmanship. 

^^L As concrete is chea|>et' than brickwork in many locabtiet^ it 4 
^^vofteii customary to dispense with the footings altogether and 
^^Kdie concrete from the foundation bed to the ground level Thitii 
^" Almost invariably done in small buildings, and, of course, the iWct 
ness of the concrete is far greater than that which is demaadedlf 
requirements of theory. 

Where there are two walls of different weights meeiing 
another it is very necessary that the foundations should not h 
rigidly connected together. The effect of such construction is sbti"n 
in Fig. 265, and the cracks which very freijuentiy appear in hiiildinps 
are doubtieaa caused by the shearing stress at the point of janctioo. 
Such cracks are generally seen, as shown in Fig. 266, where iHe 
resultant of the horizontal and vertical shearing stress has 




Fiff. 26S. 



by the tensile sti-eiigth of the material of which the wall is built 
For instance, where the spire of a church is connected with the laiiu 
body of the building, the fmiiditlum!^ shoiiid not only be separate, bul . 
the wfdis should not be bonded into one another. This is also the 
case in dwelling-houses, where the pressure upon the walls i: 




"■^latively so great as it would be in the case of a church ; but it must 
l:>e admitted that it is extremely difficult to get this carried out in 
"'liractice. In America, where the art of designing foundations has 
l>een very much developed (on account of the erection of lofty build- 
ings in Chicago, New York, and other cities), each pier, wall, etc., 
has its own foundation, and the interior walls are united to the 
exterior walls by anchors, which slide in slots. This is unquostion 
ably a sound principle. 

Inverted arches, as shown in Fig. 267, are frequently built to 
distribute the pressure coming upon the piers over a greater area. 




Fig. 267. 



This method of construction is often used in connection with bridges 
where the bearing power of the soil is uncertain, but it is not a very 
satisfactory method, because the arch form induces lateral thrust, 
and it is difficult to make the areas of the different parts of the 
foundations proportional to the loads to be supported. Where the 
bridge spans a stream liable to floods, the effect of the inverted 
form is to cause a scour in the centre, and not to distribute the 
Yolame of water over the whole of the breadth of the span. The 
^ect of this scour in the centre is sometimes serious, because 
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i tends to weuf nwuy tho initturiul uf which the invert is )i 
Jhia torm of foiindatiou is nut, therefore, one to be usually « 
tended. 

At the reoonairuutiun of Alderahot, sheets of corrugated ii 
4 old felt from the disntautled lints of the old c»nip were oftenl 
~ under the cnncrelo in the foimdatigiis. This s[ii*e)ul the weight a 
the soil, iiail proteoteil the lower layers of the cuiicreto from bi 
daniBged hy contact with the grotiiid. 

^FottluilUionH aw files. 
There are two clrtsses of piles whose benrinK power has to be 
BJdeied :—(!). Those whose lower end rests upon hard soil 
whose bearing power is, therefore, the strength of the pile eonsiill 
lis a column. The soft earth round the pile will prevent h 
ileflection to a great extent, hence the strength of the pili 
approximately the strength of the matei'ial. Professor Rankin) 
gives l,Oi)0 lbs. per square inch of section for sneh piles as the sife 
load which can be dei>enUed on. This is much the same as wouM 
be allowed for a short column of ordinary fir with a fiictor of safety 
of about 6. (2). The second case is that of piles driven throiigli 
soft earth, and depending for their hearing power on the friction itf 
the earth on the sides. Professor Rankine gives 200 lbs. per square 
inch in this case, but this takes no account of the length in the soil, 
;ind it is manifest that the side friction depends on the f^qunrs 
siirtaco, i.e.., length x perimeter, of the |tile in the ground, and on tho 
natnre of the ground and the sail. Mr. Trautwine gives the foliow- 
iiig rules : — " The nltimate friction of piles, even with the bark 
and driven about 3 feet apart from centre to centre, probably uei 
exceeds about 1 ton per sqTiaro foot, even when well driven 
dense moist sand or loamy gravel, nor more than 0-5 to 2'75 of a 
in common soils or clays, or U"! to 0-2 of a ton in aiit 
mud, depending on the depth and density. The friction of ctist-i 
cylinders seems to be about 0'3 that of piles." 

The ordinary terms for the specification of piles are 
follows :— " Each pile should bo driven until it sinks only J" 
10 blows of 15 cwt. falling 15 feet," or " IJ" after 5 blows of 15 
falling 30 feet." S[»eciticationB of this sort are open to much obj'i 
because in them no regard is paid to the depth already in the bmI 
or to the rapidity of the blows. It may be that a pile dtiven 
through soft mud has penetrated a hard substance below. The 
effect then of succeeding blows will be simply to injure the fibres of 
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bottber at the upper end, and perhaps to produce splits throughout 
l» length and seriously impair its strength. 

On the whole, it is considered that, although there are many 
onnulae which deal with the subject of the bearing power of piles, 
'et the conditions are so difficult to express with any mathematical 
«ecisioh that it is better in any case of doubt to determine the 
rearing power of the pile by actual experiment. The question, 
rtich will frequently arise, of when to stop driving a pile is a diffi- 
cult one to answer, because — 

(1). It depetids to a large extent upon the strata through which 
fie pile has to be driven. "A long pile driven through gritty material 
»to softer underlying strata will have sufficient frictional resistance 
> bear with perfect safety the required load, this resistance being 
duced to a minimum during the process of driving, but developed 

its full extent after an interval of rest ; and in the reverse case, 
at of a firm soil underlying a soft stratum, the ability of a pile to 
ar a load would be small notwithstanding the greater resistance to 
rther penetration " {Patton on Foundations), 

(2). The pile must be driven for a sufficient depth, under all 
•cumstances of any given case, to gi ve steadiness or stability to the 
cucture. In the case, for instance, of the foundations of a river 
idge, the scouring action of the current must be taken into account. 

(3). The same material offers so much difference of resistance to 
les driven under similar conditions that it is impossible to lay 
>wn any general definite rules which would necessaril}'^ ^^Pply ^^^ 
ly given case. 

(4). The effect of hammering the end of the pile, and causing 
hat is called a broom, results in such loss of energy that no rule 
at does not take into consideration this varying factor is of very 
uch practical use. 

We are thus driven to the necessity of experiments in each case. 

is ascertained from the experiments of others that piles from 30 
' 40 feet in length, in even the softest soils, will bear from 10 to 12^ 
ns per pile. With a round pile 1 foot in diameter, this is the 
me as 200 to 250 lbs. to the square inch. In sand and gravel, 
les will carry to the full extent of the crushing strength of the 
nber, provided the depth in the ground is at least about 10 feet, 
lis depth is that necessary to be beyond the reach of vibrations 
nsed by moving loads. 

To sum up the foregoing, it may be said that experiment is of 
greatest practical value, and that the following facts have been 
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established :^(t)- That when piles are driven in soft soil, the 
penetration of from 30 to 40 feet will be ordinarily suffi- 
cient, apart altogether from considerations of weigh! of 
hammer, height of fall, and penetration at the last blow. 
(2). In clayey sand or gravel, the depth required is only 
that necessary to get beyond the reach of scour or of 
vibrations caused by moving loads. (3), Continuous ham- 
mering of piles does frequently more harm than good. 

Oiie of the most recent forumlse for ])iieHlriving published in this 
coTintry is that of Mr. Haswell,* founded on many experinii! 
The aafe weii;ht, acconliiig to this formnk. borne by a pile driven tiil 
the final blow, produces a depression of i"- 
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where / = Bafe load in pounds, 
w = weight of ram, 
H = height in fall. 

C is a constant between values of 3 and 6, according to the natum 
and condition of the soil, the character of the piles, and the es- 
cellence of their driving. 

Slability of W<dU. 
In considering the stabiiity of walls, we liave to consider toe 
various ways whereby a block of masonry, such as a retaining """i 
a chimney, a dam, etc., muy fail. 

There are three ways whereby failure may occur: — (1). T"^ 
action of any lateral force combined with the weight of the stntfH"' 
itself may tend to overturn the block on the side furthest from the 
application of the forca. This is called fnilwie hy omtm"^- 
(^). The action of external forces combined with the weight of m^ 
block itself may be such that, whils '' 
does not overturn the block, it may y^' 
cause so ranch force to be concentwt^' 
on the edge that the materia! there 
may not be able to withstand """ 
pressure produced. This is called /'«'"'' 
hij criinking. (3). The third methw 
of failure is that shown in Fiff. 36S, 

^ of Proceedijig" of Inuli 




Fig. 3C8. 
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Fig, 269. 



wrhere the block tends to slide along some plane. This is called 
failure by sliding, and is analogous to failure by shearing in a 
beam. 

We shall now consider these three forms of failure. 

(1). As regards failure by overturning, we can see at once, and 
without much reasoning on the subject, that if the resultant of the 
•weight and the external forces 
alls outside the section, either the 
'lock would overturn as shown 
a Fig, 269, or else some tensile 
3rce must be supplied in order 
3 anchor it in position. This 
3nsile force is in many cases sup- 
lied by the mortar in which the 
bructure is bedded, and, as will l)e seen from examples, in compara- 
ively unimportant structures it is quite safe to rely upon the tensile 
trength of the mortar thus brought into action. It must be remem- 
bered, however, that the strength of a chain is that of its weakest 
ink, and that the weakest part of any masonry structure is the 
'dhesion of the mortar, a subject which has already been alluded to 
n Chapter III. In ordinary brickwork built in cement and sand, 
lot more than 30 lbs. to the square inch can safely be relied on, but 
he amount will vary with the materials used (see Table XI., Chapter 
-II.). In large and important structures, where any danger to life 
Jiay result from failure, it is undoubtedly risky to trust in any way 
whatever to the tensile or adhesive strength of the cement and 
liaterials, and hence in all such structures it should be an 
^xiom, never to be departed from, that the structure 
should be so designed that in no part of it is any tension 
brought into play under any circumstances whatever. If 
'hen we have a structure composed of blocks of various kinds, and 
'^ish to ascertain whether it is safe against overturning, we may 
Iraw a vertical section of the proposed wall and lay off to scale the 
orces acting in various parts {Fig. 270). If the resultants of these 
orces cut the bed joints as shown at A, B, C, we are at all events 
ure that, the structure is safe against overturning. The line which 
oins the points A, B, C, etc., is called the Line of Resistance of the 
section. 

(2). Failure by Crushing. 

A structure might be safe against overturning, but it is evident 
hat we have practically to consider whether the resultant pressures 
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at all points are brought so far within the limits of the wall that 
there shall be no tendency for the material to crush or even crack. It 
will perhaps assist us in the understanding of the matter if we con- 
sider the two blocks separated by a layer of elastic material, such as 
indiarubber. Fig, 271 represents the general effect when there is 
bat a slight external force. The resultant pressure of that external 
force and weight is but little removed from the centre, and the 
indiarubber on the right side is only slightly more compressed than 
it is at the left side. In the lower part of the figure is shown a 
graphic representation of the forces, where the line ah represents the 
maximum pressure at any part of the base, and cd the minimum. 
Taking Fig, 272 to represent the pressure diagram derived as above, 
we have the following formula* : — 

Let t = thickness of the joint AB. 

„ c? = minimum distance of centre of pressure P from outer edge 
of joint. 

„ N = resultant normal pressure = area A«6B. 

N 
„ 71= — =mean intensity of pressure if spread uniformly over /. 

V 

„ Y = maximum compression per square unit represented by W). 
„ y = minimum compression per square unit represented by ka. 






Fig, 271. 



* From General Wray's Applicntion. of Theory to the /* rue fire of Count ructioa. 
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If I be the Moment of Inertia of the croea Bectioiiin qnamm 
(generally a piece of solid wall one unit in length, and therefore Ow 
section is & solid rectangle) then the maximnm intenaities of pre*- 
Biire at the inner and outer edges due to the horizontal component 
of the external thrnat may be expressed in general terms as follows:— 

Since Mf=— and %= , 



^ N _ W; 
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N being the vertical pressure, A the area of the cross section, i 
M the moment of the horizontal eom))Ot]ent of the external forue, 

To apply the above formulse, we have to find by graphic repr*- 
sentatioii the position of the centre of pressure P in any given cMHj 
and the value N of the normal reaiUtant. Substituting the valw* 
thus found we have a value of Y which may be compared with li" 
safe resistance of the material. 

So far we have considered the position of the centre of presort 
as but slightly removed from the centre of the section. But if "•*_ 
lateral pressure is still so much furth 
pressure is now at Ji from the cdj 

Y = 2— = twice the 



■eased that the centiB « 
ni the edge, we see that in Formula (") 
intensity of pressure, the state of bS»^ 
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ig as shown in Fig. 273. At the edge nearest to that from which 
lateral pressure comes there is neither tension nor compression 
"i Fig. 274, where the assumed rubber joint is now reheved of all 
ssure at one side). If the lateral pressure is still further increased, 
sion ^vill be brought into action, or if the point is incapable 
rearing any tension, part of it will be entirely relieved of pressure. 




Fiq, 273. 




Fig, 274. 



In all important structures this is a state of affairs which is 
nerally not admissible. Masonry can be little trusted to resist 
nsion, both because the cementing mortar has not a large tenacity, 
id because the adhesion of the mortar is still less. This is 
rticularly the case when one has to deal with the pressure of 
Iter. Where such exists, the water will penetrate through the 
lallest crack, and as the pressure of water acts in all directions 
ith an intensity which depends only upon the depth, it will be 
en that an upward pressure would be brought to bear upon the 
tenor of the crack, and, therefore, upon the structure, of an 
lount varying with the depth below the surface. The extent of 
e crack and that upward pressure will tend to bring an extra 
wishing stress upon the down-stream side of the wall. Hence the 
odericy will be to increase the tension at the up-stream side, to 
crease the crack that has already been caused, and still further to 
danger the stability of the structure. This subject will be further 
nsidered when treating of the design of dams in Part II.* 
Broadly speaking, therefore, the safe limit of stress in a 
>lid masonry structure, except of those of a comparatively 
^important character, is reached when the resultant 
ess u re falls at the limit of the centre third of any joint, 



* It has been clearly pointed out by Professor Unwin in an article on the 
uzey Dam. 
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or, what comes to the same thing, when it deviates from 
the centre a distance equal to one-sixth the thickness. 

Some uoiiai lie ration miist be taken, however, of the inuteru) (if 
which the wall is compoaed. It has heen pointed out* thaf'tfcfj 
axiom timt the line of reanltant pressure shuiild always fall within tifr 
cutilru thiid is practical, but it diverts attention from the eas 
condition of constructive slabiHly, thiit is, that the crnshin|; 

' face should not exceed the limit of safety." It it. 
isiltle to conceive of a wall of considemble height where it 
not be safe to allow of the resultant pressuie to come ne«r the Wt 
tixeil by the centre third near the base, if 11 were built of ttft 
material. 

In arches, the line of resultant pressure frequently conif« ovUiit 
the centre third, but the pressures which come upon an arch rii^ 
are not, us a rule, so great as would etidanger the failure uf thv 
stmcture from crushing, provided the arch is built with ilna repri 
to the proper arrangement of the load. 

Where the resultant pressure comes nearer to the edge than tlw 
centre third, it is possible to ascertain the maximum pi'essure by 
similar reasoning to that which we have jiist considered. For H if 
be the distance of the centre of pressure from the edge, it is evidsnl 
that the pi'ossure will be distributed over a distance = 3d, anrl if V 
be the resultant pressure, P-;-3'/ ivill be the mean pressure, sm' 
2P -=- 3rf will be the maxioiuin pro- ' 
sure (Fig. 275). In this investJp- 
tion the tenacity of the morui >* 
not considered; it would, nodoaht. 
reduce the maximum pressure, hut 
the amoimt of that reduction wonM 
vary with so many circnmstinKB 
that it is not )x)ssihle, |iraoucill)'> 
to aacertain it with anv acaancf> 
and the neglect of such consideration is on the safe side. 

Foxitioh of Limitiiuj Pressia-e in, Chimneijs, f/r.— Uithei'to In this 
investigation we have considered t!ie effect of crushing fori;" «" 
a rectangular section, but it is evident that in the c»m "f 
chimneys the cross section under consideration may be n hoUo" 
rectangle or a ring. In such circumstances the position oC 
limiting pressure will not be expressed by the centre third of 4» 
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W, but will v:iry u-ith the viiliie of I. In a solid circle the least 
^^ue of d from the edge will lio ^t ; iti a tliin hollow square* or 
gle it will be approxiniiitetj- y ; in a circular ring* it will bo 
iximately ^l (Fig. 376). The simplest method of Bpplying these 
iciples in any particular ciiae is to draw, on a siitficiently largo 
"■a/e, a Bection of the proposed Btrncture, and to represent on that 
"^tion the external forces acting upon it (wind, water pressure, 
'oMist of arches, etc.), and then to test it for stability, seeing whether 
We resultant pressures fall within the wife lirails at each joint of 
I ""a structure. If it is found tiiat the structure is not sufficiently 
f *fet>le, the dimensions oi- form may be altered accordingly, or rire vm-m. 
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(3). Finim- hij Sliding. 
^N^'e have seen that there may be a tendency on the part of two 
^^^ks resting on cue another to slide along some joint under the 
*^3on of Qxtemat forces. In Fig, 277 the 
-"*iemat force P may be resolved into two^one 
'*^tical and one hoHzontiil, or one normal to 
^^ joint and one parallel to it. The vertical 
normal force tends to press the blocks 
^^ether ; the parallel or honzontai force tends 
' make them slide along the joint, and this 
_ '**dency to slide is resisted by the friction of ^'^- '■ 

"^^ blocks and by the shearing strength of the mortar, the latter, 
"vever, being usually neglected. 

The law of friction of solid bodies, as determined by experiment, is, 
**at the force required to cause motion in one body resting on another 
** a constant fraction, /, of the normal force pressing the two bodies 
'^igBther, the value of / depending on the nature of the surface ii 





[ contact, and not on the area. This constant or cof^cient vf frieSm 

I JB foini'l by slowly tilting up the surfnoe of one hoAy until [hit 

resting on it begins to slide. Tfaiuin 

Fig. 278, when the surface AA '» 

^A gradually inclined, the body resttiif,'on 

it will not at firet bsgin to slide 

because of the friction, but after it hu 

jiassed throngh a certain angle, csM 

the "angio of rcpuse," it will beginto 

slide. The weight of the body tnaj-be 

lesolved into two com[WTient«, one 

acting nonually to the plane AA,SDd 

the other aeting along the plane AA. 

When motion begins, the component along the plane will just ba 

eipiul to the friction, i.e., F = N tan n-W sin a. This reasonii? 

apphes to every joint throughout the structure. Hence the Ibitd 

condition of stability is that, taking all the forces acting abovs 

any joint, the sum of their components yarallel to the joint must not 

he greater than the sura of the components noi'mal to the jwnt 

multiplied by the coefficient of friction of the niaterial. 

In other words, the angle which the resnltant of all the forcffl 
acting above any two joints makes with the normal to that join' 
must not be greater than the angle of repose of the material. 

It would appear desirable to allow a margin of safety. Therefore, 
to consider a structure safe, the direction of the resultant forces 0" 
any two joints should make with the normal to that joint a some- 
what lesser angle than the angle proposed. It is proposeil to mil's 
this angle not greater than J the ungle of rejme. There is seldom 
any difficnlty in doing this, because in all cases where sliding " 
likely to occur the joints of the masonry can be tilted so as to redu« 
the angle. This is the reason why the layers of a masonry ui * 
retaining wall are built at nght angles to the battered face of tJl" 
wall, as in Fiff. 279, and the jomts m an arch abutment are boiiS 
near the springing of the arch, tUted it an angle to the face of tbe 
abntment. 

Openinqi in IFalls. 
Before going on to consnlei examples of design in the caW <^ 
enclosure walls, buttresses, and chimney s, it may be as well hero 'o 
say a little about openings in walls It is sometimes necessary !" 
break an opening in a wall and the question arises how wide thM 
opening may be without running the iiali of the wall above coming 
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^^wn. It will be seen that under these circumstances reliance has 
^ be placed on the tranverse strength of the masonry above the 
opening. That masonry has to be considered as a beam fixed at 
*^^th ends and loaded uniformly. The formula for such a case is 



Wl 

12 



rM^ 



6ere W is the total weight distributed all along the span, / is 
^® required length of the opening, r is the intensity of resistance to 
^'cRss breaking at the extreme edge, /; and d representing the height 
^^'^ thickness of the wall that is left. 





W 



Fig, 279. 

ake, for instance, the following : — 

XAMPLE 42. — It in proposed to cat a 6' opening through a brick wall 
'' ^^^ick, which nses 2' above the opening (Fig. 280). 
7~t*he weight of the brickwork being taken at 11 2 lbs. per cubic foot, 
112 X 5 X 2 = 1120 lbs. ; I = 60", Wlxl2 = 5,600 inch-lbs. b in 
^^^ ^ case = 24", and d^ = 24" x 24" = 576. Hence r = 4|^ = 2 43 lbs. 
^5* square inch. It would be a very 
^^>r mortar that could not stand that 
^^^ount of tensile stress, and hence it 
^ll be quite safe to make such an 
^E^^ning. 

It will be seen that the higher the 

^^ount of masonry above the open- 

^^g, the less tendency will there be 

^^t failure. This principle is of 

^Uiportance when one has to place 

^ girder in a wall to support 




Fig. 280. 



Y '2 
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the weight of the wall already in position with a view to tin 
ral of the povtion below the girder. It also ahowa the 
advantage of usiiig a quick-setting mortar when it is desired tliiil 
masonry, built for the first time above girders, shall become sell- 
supportiDg at an early period. 

Sl'ilnUti/ utfiiim! Oimriwmnif/. 

ExAMl'LK 43.— As an example of the stability in an nrdinaiycssfl, 

we may take an enclosure wall 16' high, 18" wide, the liricknwk 

weighing 1 IJ lbs per square foot, and built in a position where wind 

pressure is great. From wlat his 

lieen said in a previous chaijter oD 
wind presaure, it will be seen that 
the ground friction has a very con- 
siderable retarding efl'ect upon tlic 
action of the wind, and we miglit. 
therefore, expect that there wld 
be a greatej' force exerted by lbs 
Avind on the upper layers of the »^ 
than on the lower, 
the centre of wind 
about 10' from the ground, and ihit 
its amount is equal to about 30 lbs- 
per square foot on the wall, we t*™ 
a total wind pressure per foot f^ 
of the wall oE 1 x30x 16 = 480li>s■■ 
acting with a leverage of 10' {I'p 
281). Hence we m;iy consider tbMt"* 
far as the wind pressure is concflHied. 
the wall in the position of a cantilever with a load acting at 10' fro"' 
the point of fixing, and an amount equal to 480 lbs. The bendi"? 
moment equals 480 x 120 = 57,600 inch-lbs., and the Moment « 
Resistance equitls - —, where /'represents the tenacity of thcnH)rt»f 

per square inch, J=13", i.e., the length of the portion of the w*" 
under eonai deration, and d= 18", i.e., the thickness of the wall- 







r. 281. 



rM^ 



X 12x324 = 648!-. 



The effect of the wind would be to produi 
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eeward eilge and a tension at the ^^dward edge of an intensity r 
oiind by the equation 

r = ' = 89 lbs. per square inch. 
648 

There is, however, a pressure brought upon the base of the wall from 
he weight of the brickwork = 16 x 1-5 x 112 -=- 18 x 12 = 12-4 lbs. 
?bis must be added to the pressure at the one edge and deducted 
rom the tension at the other. 

Hence the pressure at the leeward edge will be 89 + 12*4 = 101 -4 lbs., 
nd the tension at the windward edge will be 89 - 12*4 = 76*6 lbs. 
)er square inch. 

It will require a good cement to stand such a tension ; ordinary 
ime mortar would be too weak, and hence it would be necessary 
iither to build this wall in good cement mortar or to apply 
buttresses at intervals. The method of investigating the stability of 
buttressed walls will be presently investigated. It may here be 
Jointed out that considei-able economy may be effected in 
'Dclosure walls hy alternate panels and buttresses, as in Fig. 282, 
he material taken from the panels being used in the buttresses. 




Fig, 282. 

In the case just considered no account is taken of any support that 
^ay be derived from each end of the wall. If the wail be of con- 
derable length, it is clear that very little support may be expected 
*om this source, but if the length be less than 10 times the 
eight, or if there be cross walls reducing the unsup- 
•orted length, the tendency to overturn, and the corres- 
onding stress produced, will be much less. 

Stability and Design of Buttresses,^ 

Let us first consider the buttress as rectangular. Let ABXY 
^'ig, 283) be the section of the wall with a horizontal force T acting 
'j the top, and a rectangular buttress of known width cd (see Plan, 
'ig, 284), but unknown depth ch = x, and let the weight of the wall 

* From Tarn's Mechanics of Architecture, 
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and vertical component (if any) of inclined thrust = P. If tr= weight 
of wall per unit cube, = thickness, / = length between any two 
adjacent buttresses, and h = height of wall, then P = wlM, and weight 
of buttress = wlix x r^ = Q = whxf if af = /. Taking moments ronnd the 
outer point of the centre third of ZX, the base of wall + buttress, we 
have (Figs. 283, 284) 



Tx/i = p/'+a- 
12 



and if nl = /- 






This gives a quadratic equation in terms of x, which is thus easily 
found. 



C B A 





Fig. 284. 



Fig. 283. 

If we consider the buttress to be triangular, as in Fig. 285, the 
weight, L, is half what it formerly was if cb is the same as before, 
but, owing to the position of the centre of gravit}^, it acts now 
at a distance from the edge = f .r, whereas formerly that distance 
was = ^x. 

Taking moments as before round the outer point of the centre 
third of the whole base of wall plus buttress — 



12 



= iclM (^^ 4- |;A 4- whfx (^x - It) ...0'^- 
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This will give a value of x slightly less tl 
wben the buttress is rectangular. The 
economy of design is therefore manifest. 

Although the relative values of x may 
be compared algebraically, it will be per- 
haps sniScient and more generally evident 
if the principle is applied to an actual 
example. 

ExAHPLK 44. —/w tlie wall jirenimisly 
considered in Example 43 let tliere be but- 
tresses us shuvm in Fig. 286, 
rectanffidar in plan and at 10' wiiermh. 
Let the width of tlie buttress be 18°, and flm 
iceight per foot cube be Hie siime an tlie rent of 
the wnlU, viz., 112 lbs. 



f) that obtained from {a). 





Fig. 21 



Then taking moments round C, the outer point of the centre third 
of the thickness of wall and buttress, we have the overturning 
moment of the wind pressure the same as in the previous example, 
except that we now consider 10' in length of the wall, i.e. — 



AxT=16xlO> 



30 lbs. per square foot x 120" 

= 57600 inch-lbs. = 257 inch-tons. 
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The weight of 10' run of the wall 

= /«;/^<=112x lOx 16x 1-5 = 26880 lbs. = about 12 tons. 
The weight of the buttress 

whtx= 1-5 X 12 X ic X 112 = 2016a; lbs. = -^x tons. 
Hence from (a), since ^ = 18" — 

257 = 12/ (3" + Ix) + •9x(^? - 6^1 
= 36 + 8a:-5-4^+-15a;2. 

Hence /^ + 17-3x + 75 = 1474 + 75, 

and ir = 30-7", say 31 inches. 

Let the buttress be triangular and equation (/3) becomes 



257 = 12/(3 + fa;) + -45x (^1-6^)1 



= 36 + 4-3aj+-25a;2. 
./•2 + 28a: =1472, 
X = 26 inches. 

Hence the buttress in the latter case may be at least 5" shorter than 
the former case, and contain less than half the brickwork. 

This practical point is still further tr ue when the weight per foot 
cube of the material is relatively great. This may be shown by the 
following : — 

Ex.AJlPLE 45. — The hannner-henni r<H)f in Example 39 is supfri^^ 
on ■walls 2' 6" thirk, and 30' high to the wall plate. The curved rH) 
springs from a corbel 1 8' from the ground. The material of the wall d^ 
huttress is c/ramdar limestone weif/hi)u/ 156 lbs., or '07 ton per foot cw^ 
(Fig. 371): 

The horizontal thrust at the corbel is 7,000 lbs., and the wind 
pressure horizontal component at the wall plate 1,000 lbs (see Chapter 
XII., pages 270 — 272). This will give the maxima overturning 
stresses, and these will very rarely occur, as they are the stresses due 
to the maximum wind pressure, and to a load of workmen distributed 
all over the roof, a combination of circumstances which would seldonij 
if ever, occur. 

1. Let the buttress be 2*5 long and the full height of the wall, i.^> 
30', and be built of the same stone as the remainder of the wall. 
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The overtiiraing moment is 

■^g X 360" + ^Jg X 21 6 = 836 inch-tons. 
The weijjht of the wall is 10 x 30 x 2-5 x -07 = 52-5 tons. To this 
must be added the vertical componentB of the reactions, i.e., 
1,000 lbs. at the top of the wall and 13,,'>00 lbs. at 12' from the 
fiiimmit— 14,500 lbs., or B'5 tons. Hence total pressure = 59"l, gay 
CO tons. 

Weight of buttress = 2-5 X 30 xiex -07 = 5-25a; tons. Taking 
moments round the outer point of the centre-third, we have from 
equation («)■ — 

836 inch-tona = 60 (5 + ^x) + 5-253; (- - 10^ , 

whence :t; = 32'7, say 33". 

2. If the buttress be triangular with other dimensions as before, we 
have the same overturning moment, and weight of wall, as before, 
l>ut the weight of the buttress now is 2-6253:. We have, therefore, 
substituting values from equation (j3)- — 



whence 



6 = 60 (5 + ^x) + 2-625a; (Ja: - 10), 
j:=18-2 inches, 



which is not much more than half the former amount (see Fig. 287). 
Practically it would be easier to build the buttress with offsets 
and sloping copings, as shown in Fig. 288, approximately to the line 
of the calculated triangle. 





Fig. 287. 



Fiff. 288. 



N 
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Oraphically, ihe design thus made m»y he checked as follows:— 
'Take h soction through tlie witll mid buttress, as in Fig. 2tj9, and leC 
'ths lines AH, CD represent in magnitude and ilirection the inclined 
forces coming on the wall. 

First investigate the stahllity at the joint CE. The forces actmg 
on that part of the wall are (1) the inclined thniat AB, and (2) the 
Veight of tho upper part of the wall (21 tons) acting at its centreof 
(travity. Completing the parallelogram of forces, we find that these 
two have a resultant, represented in magnitude and direction liy 
FH, and with its point of application at a point K on the joint EC, 
which h'es within tho centre third of that joint. Passing next to tho I 
huso XV, we see that the inclined force CD (6'8 tons); and the 
ruisultant of the forces above the joint CE, i.e., F'H' or LO, have a 
resultant t"M, which, compounded with the dead weight cf the 
lower part of the wall and buttress, 31 '5 tons = LN, cuts the base nt 
Z, which is within the centre third. 

SlnliUiij/ of Ghwmnyx. 

As a chimney stack, either in an ordinary honse, or when built 
separately in connection with a furnace, ia of all stnictures peculiarly 
exposed to wind pressure, it is well to investigate its stability. 

Here the full negative as well as [lositive pressure of the wind is 
developed. It may amount to as much as 50 lbs. per square foot of 
surface, though undoubtedly such pressure would be most excep- 
tional. It is true that careless construction of the joints in brick 
chimneys frequently leaves projections in which the lifting force of 
the wind has fuller scope for action ; and the common practice of 
corbelling near the tops of chimney stacks for the sake of ornament 
still further endangers the stability. If, therefore, we consider the 
pressure as amounting to 50 lbs. per square foot, it will no doubt he 
excessive, but, on the other hand, there are usually indeterminate 
factore which tend to instability, and which require a certain margin 
of safety. Hence 50 lbs. may be taken. 

The overturning force of i.he wind has to be met by tlie resistance 
afforded by the weight of the whole structure, assisted by the 
adhesion of mortar. Taking the general equations 
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Example i6.—A chimney sluift, slwwn in Figs. 290 and 291* 8'/» 
hntjJU, 27" braid and 4' 2" hng, is suhject to a wind pressure of 50 Ih 
iwr sfiiuirefoot TJiere are twojiue^ in it, each 9" x 14''. Find the vwd- 
ilium ami minimum pessures at ea^h edge, the hnckwm^k weighing 112 fe 
jier foot cube. 



\iiiiiifliij ', I 





Fig. 291. 



Fig. 290. 

The area of the brickwork in cross section is 

27 X 50 - 2 X 9 X 14 = 1098 square inches = A, 

and the weight of the brickwork at the lowest section is 

Y^yi X 8 X 1 1 2 lbs. = 6854 lbs. = N. 

Moment of wind pressure 

= (8 X 4-1 X 50) X 48" (half the height) = 78600 inch lbs. = M. 

The thickness /=27" and I = -,W_2 (^^b't'% where b = oO and 
/ = 27, // = 14, /' = 9". 

I = 80389 and 21 = 160778, 

v_N.M/^,,,, 78600x27 
A ^21 ToTr8+ -^go^.g 

= 626 + 13*2 = 19*4 lbs. per square inch, 
y = 6-26 - 13*2 = 7 lbs. per square inch nearly- 

It would be very poor mortar that could not stand so small a 
tensile stress, and poor brickwork that could not stand this amount 
of adhesion, but if it were considered desirable to eliminate even 
this small amount of stress, it would be possible to do so by ^^' 
creasing the width of the chimney stack, or under certain circum- 
stances introducing an iron stay. 

* It may be noted that in practice the flues are not usually as shown ii^ 
Fig. 291, but with the 14" parallel to the shorter side of the shaft. 
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The calculations for such an iron stav need not here be considered, 
i is evident that it would either have to bear tension or compres- 
ion, according to the way the wind was blowing, and it would, 
heref ore, be usually calculated as a long strut. To find the pressure 
t might be called upon to bear, we would first need to find what 
vind pressure per square foot the chimney, as designed, could bear, 
«^hen the tension on the windward edge = 0. The difference between 
:he wind pressure per square foot and the maximum of 50 lbs. dis- 
tributed over the whole area of the chimney would be the compres- 
ion coming on the bar. Thus in the case above let p be the wind 
)ressure when y = 0. 

Then pxS' x 4*1' = the total wind pressure, acting with a leverage 
( 48". Hence M = 1584/?, the other values being as before, except 
bat y = 0. Hence in equation (c) — 

^"^^^ 160778 ' 

'hence ^ = 23*6 lbs. per square foot. 

The actual pressure expected being 50 lbs., the bar would have to- 
e designed to bear a pressure of 50 - 23*6 = 26*4 lbs. on every foot 
f exposed surface, i.e., altogether 8 x 4*1 x 26*4 = 870 lbs. 

^0 calculations for sliding are necessary, for even with a chimney 

stlf a brick thick, with the smallest size of flue (9" square), for every 

>ot of vertical surface exposed more than a cubic foot of brickwork, 

''sighing 112 lbs., would have to be moved. The coefficient of 

Action for wet mortar is about '5, hence the force resisting shearing 

''ould be 112 X '5 = 56 lbs. per cubic foot of brickwork moved. 

lence even the smallest practicable chimney would resist more 

'l*essure than could be brought against it by the wind, as far as 

liding is concerned. 

Tall Chimnpya. 

It is sometimes necessary for military engineers to design tall 
himneys. In those that are circular in plan the wind pressure 
gainst the sides is about | the value of that against a vertical plane 
f breadth = the diameter. The wind pressure may be considered 
s J that acting equally all over a plane = the mean diameter, and 
aving a maximum intensity of 50 lbs. Neither of these assumptions 
re accurate, for we know that the ground friction will have a very 
reat retarding effect, and also the diameter near the top of the 
himney, where the wind pressure is greatest, will be less than near 
be base. The assumptions, however, are on the side of safety. 




it is usually cuatomwy to design the chimney firat, and then apj)!/ 
I the lilies for calciiUting l^e nDudmnin and minimum preseiire^ 
I finding the value of the muximum wind pressure that the cbuanej, 
a designed, is capable of austainin^, and comparing that with ihe 
naximum wind presani'e wljich may be expected. The raarimiini 
intensity of presBure that may be brought to hear on the structure 
at any part is then investigated, and is compared with the resiatenee 
which the material can stand. Lastly, the pressure on the fourjdstions 
should he investigated. 

Where the chimney is octagonal, not circular, in section, the vahift 
of the Moment of Inertia of the oi-oas section at the point where fflilurs 
is most likely to occur, usually at I he ground level, must be aseertained, 
This Moment of Inertia is easily found bj taking I for the circum- 
scribing rectangle of tlia 
octagon, and deductiiig 
the values of I for tifl 
' triangles at the cornciSi 
aa in Example i. 
Chapter V. (Fig. M 
The steps to he uUsn 
the investigation of 




I-Ad'-4-lfic\V'C' 
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Fig. 292. j^ 

the stability of a long chimney are as follows ; 

(1). Ascertain the wind pressure that will reduce the compresaio' 
to nil at the windward side. This should be calculated at ^ 
section of greatest stress. This will appear, as a rule, by inspectiWi 
but it is usually at the ground level. 

(3), With this maximum wind pressure find the maximum pressuw 
on the brickwork at the leeward aide, and compare with the known 
strength of the material, 

(3). Ascertain the centre of pressure of the combined weight"' 
the chimney abaft and the wind force. The position of this ceotW 
of pressure in a shaft of circiUar section is found from the following 
formula, a proof of which is given in the Appendix to this Chapter;— 

' 8D ' 
where /^distance of the centre of pressure from the windward eJg*' 
D and d are the outer and inner diametera of the shaft. Siiail tfl?f 
in a square shaft where D and d are the outer and inner sides 
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(4). The weight of the shaft acting at the centre of pressure, aa 
tound above, should be compounded with the weight of the foiiiidii- 
tions, iittd the centre of pressure on the fuiitidations aseertaine<UJ 
f'rom this the maximum woij^ht on the foundittions cati be ualtiidutedj 
arid compared with the bearing atrength of the soil. 

-As an example, the following chimney, very aJniilar tc 
«t fclio Koyal Arsenal," Woolwich, and shown on Pliile VilL, may be I 
ill ventigate^l ; — 

ExAMPLK i7.— Ill th ciiimnfy .flumii in Plate Ylll.,Jind (1) the iiuifi- 1 
wt^^'wn windftirM junxssaiy to yrabict iit^Oia- l-easion nor aivipressiim o 
vi-rt^vxtnl eilge ; (2), the vtaseimttm pir»iwe on tke briekwork; ami (3) ihe-\ 
OK^*£ri//»w« pivsmire on the foundnKons. 

-As a preliminary, it ia necessary to find out the weight of the 1 
al»s».ft| the weight on the foundations when no wind ia blowing, and 
tU.^ Moment of Inertia at the cross section where the stress duo to | 
^i nd pressure is greatest. 

-In this case it is evident that tEie section where the pressure is 1 
S^eatest is at the base of the shaft, i.e., at the section B (Fig. 3), 
''*->ove the square footing above the ground line. For the purposea 
"' calculation, however, we may consider the shaft continiieil ' 
"•>iforndy to the ground, and investigate the pressure at the ground ] 

The shaft is divided into foui' sectiotis, each 35' high. The I 
''^lumes of these sections are 1,970, 1,:)80, 1,000, and 740 cubic feet 
/^**l>ec lively, or a total of 5,090 cubic feet of brickwork, which at J 
. * 2 iba. per cubic foot weighs 355 tons. The firebrick lining, which 1 
*^nly taken into account as adding to the weight on the foundations,. I 
*^*^bs 10'6 tons, and the square base above the ground line weighs i 
"^■"3 tons. The footings weight 50 tons, and the concrete, at 130 lbs. J 
.^•^ foot cube, weighs 94 tons. Above the concrete there is eartli ] 
. ^ *»»g, weighing 30 tons, and beJow the coniirete there are 30 granite | 
*l<aok3, which, at 160 Iba. per foot cube, weigh 13-4 ions. Thus the 
'^****.l weight on the foundation area 

= 256 + 10-G + 1 2-3 4- 50 + 94 + 30 -i- 1 3'4 = 4.5.i-.^ tons 

^** an area of 400 square feet, or 1-14 tons per square foot uniformlv 
**-^atributed all over. When the wind is blowing at its maximum the I 



.a lill'. ThU lioa heoa taken al lOOT J 
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i greater than this, a. subject j 



masimilTn prcsanie will 
investigated. 

The value of the Moment of Inertia at the base e 
= 0-7854- {R* - R'*), where R and R' ;ire the radii of the al 
flue, = 6-S' and \-G respectively. Hence I = 1,390 (expres 
of feet). 

{ I ). To find the wind pressure that will reduce the com 
the windward edge to nil. The wind pressure on 
has been previously pointed out, one-half that i 
plane. In the case before va, if we take the breadth of tJ 
plane as the mean diameter of the chimney, we shall bea 
side, for the wind pressure neai- the ground, where the a 
larger, is much reduced by ground friction, as we have i 
cussing this subject in Chapter XI. The mean diani(| 
chimney is 1075', and the height 100', hence the ! 
diametral plane will he 1,075 square feet. Then 
pressure on such a plane, 2j- will be the actual force of tb4 

The overturning moment at the base of the shaft will ^ 

1075zx50* foot-lba. = 2ix a; foot-tons. 

The pressure on the base of the shaft = 255 tons, as 
above, and the areaof the ring of I>rickwork = 0-78 (13-66*^ 
square feet. Substituting these values in the equation 



y = = 255-H81-2texl3'66^2x 1390, 

from which j;=26'7 and the actual wind pressure = 534 Uii 
square foot. So great a wind pressure would seldom, if t 
experienced in any part of the British Isles, and certainly i 
low lying district of Woolwich, hence the chimney 



* That is, taking the centre of preeaure as hulf-way up. 
Boitiewhat lower if the wind prcBBiire were eijual all ov 
case, BO we are justifieii in taking it nearer the top. 

+ A chimney 162' high was overturned bj the tornado a _. , 

1890. FrBcturetookplHcewhere the thicknesBof the ring changed from' 
13", 110' below the top. The diameter at the base woa 21' 2", at the top 
This waa evidently built with an excessive economy, as 13" ia a veq 
thioluieBa to support a height of 1 10'. 
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(2). To find the maximum pressure on the brickwork at the 
>und line, we must substitute values in the formula 

and A, I and t are the same as before, but 

M = 24 X X = 24 X 26-7 foot-tons, 
ence 

= 255 ^ 81 + 24 X 26-7 X 13-66 -^ 2,780 

= 6*30 tons per square foot, or 98 lbs. per square inch. 

This gives a factor of safety of about 20 for stock bricks. 

(3). To find the maximum pressure on the foundations, we must 
:st ascertain the position of the centre of pressure at the base of 
le shaft. In the formula a; = 5D2 + c?2-^8D, the values of D and d 
?e 13-66' and 9-1', hence a^= 10'. Compounding the weight of the 
laft, including fire-brick lining, etc., first with the weight of the 
•otings, and then with the weight of the concrete base, we find that 
le position of the centre of pressure on the base is distant 8' from 
e edge. Thus in the formula 



V = 2N(,_«) 



t V t 

! have N = total weight = 455 tons, t = width of concrete = 20', d = 8', 
d substituting values, Y = 36-4 tons on the end strip of the con- 
ite r wide and 20' long, or 1-82 tons per square foot. 
Most soils would be capable of bearing this safely. 
In a square or octagonal chimney the procedure would be similar, 
t the value of I would vary with the form of the cross section, and 
B position of the centre of pressure would be at about ^t from the 
iward edge in both cases. 

Empirical Rules for Retaining Walls and Arches. 

The detailed investigation of the stability of retaining walls and 
arches is reserved for Part 11. It is here proposed merely to give 
me empirical rules as established by good authorities, which would 
> sufficient for design in ordinary cases. 

Retaining Walls, 

Sir B. Baker's rules are : — " Experience has shown that a wall, to 
stain earth having a level surface, whose thickness is \ height, and 
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hus a Ixitter of 1 to "" per foot on the face, possesses sufficirat 
stability whan the backing and foundation are botli favournUft 
This allows a factor of safety of about 2, to cover contingenoisi'^ 
Sir B. Baker, as a. result of his own experience, makes the tbidmev 
of retaining \>'ftlls (at the base) equal to one-third of the height Emm 
the top of the footings. 

General Fanahawe, H.E., some fifty years ago, gave the follofillg 
rules for revetments :— Rectangular brick walls, retaining ordimij 
materials, should have the following thiuhnessee — 33percent.verticiil| 
30 per cent, for 1" to 2', 28 per cent, for 1" to 1', 25 per cent for 

2" to r. 

The M.W.D. Handbook gives the following :— Front batter \, bwk 
batter ^, top of wall not leas than 2' thick, und if suroharged, i, 
thick. Many walls, however, on hill roads in India, have been biiill 
with a top width of 2', both for surcharged and flat-topped wfJls 
with a front batter of ^, and with the back vertical. This is » tkj 
easily applied nile, e.j., a wall 16 high has a base 2' + -'/^ = 6' wide' 
at ground level. 

The circumstances of the case mnst be taken into account. For 
instance, a wall on a salient should be given a greater thickness tbun 
one on a straight plan, and a wall to retain a railway, along whii'h 
there may pass trains at a great speed, should also have a greats 
thickness than one in an ordinary road. 

The constructive del^ils of retaining walls are of much importing. 

The foundations shoiUd be carefully constructed ; as a rule, a W 
of concrete is given below the masonry. The drainage at theliW" 
of the wall should be carefully looked to. Water must not bo 
allowed to lodga at the back, for if it does, it will not only bM t" 
the weight of the backing material, but will increase the kteffll 
thrust at the back of the wall. If the soil is retentive of waKT' 
there should be a layer of stones or coarse gravel at the back of die 
wall, as far down aa the lowest weep-hole, to act as a drain. ^■''' 
sandy soil, no backing is required, but, in all cases weep-holes slioB''' 
be given at the rate of one for every 3 or 4 square yards of surfef^ 
These weep-holca are generally formed of drain-pipes ; they ihcfi"" 
not be less than 7 square inches in sectional area, or they will sW" 
choke. A drain should be constructed at the foot of the walJ W 
carry off the water from the weep-holes. 

Through bonding of the stones in the wall is important in' 
JI.W.D. Handbook lays down that through bonds, from front W 
back, consisting of a single stone, or several stones put together. 
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;t be given at 5' intervals along the face of the wall in every 

:se. This is especially the case in walls built without mortal*. 

)p iron is not good as a bonding material. 

riving a batter to the wall increases its stability, by throwing the 

:re of gravity further back, but if carried too far the slope may 

luch that water trickling down the face enters the joints of the 

onry. The limit is generally 1 in G, or 2" to T. 

L curved batter is sometimes given, but it involves cutting of the 

les, or extra thickness of the joints, neither of which are advisable 

inarily. On the other hand, it has increase of stability at the 

bs where pressure is greatest. 

lounterforts are not recommended as adding to the stability of 

lining walls. 

Arches, 

?he best rules, of an empirical nature, for the design of arches arc 
far as is known by the writer) those of Mr. Trautwine. Those 
)lished in English textbooks concern only the depth of the arch 
I at the crown, and the thickness of the abutment at the spring- 
, but do not take account of the thickness of the abutment itself, 

of the form of the arch between the springing and crown. Mr. 
lUtwine's rules, expressed in algebraic form, are as follows :— 
f r= radius of the arch in feet (such a radius as will give a curve 
passing through the springings and crown of the intrados), 

s = span of the arch in feet, 

<^= depth of the keystone in feet, 
'hen, for first-class cut-stone arches, whether circular or elliptic — 



7-1 



■i 1-+-3 (1.). 

or second-class work this depth should be increased about |^th ; 
or brickwork or fair rubble about Jrd, if the span exceeds 15 
0'. 

find the radius in terms of the span and the rise. If a = rise 
3et— 



(i)'^"' 



r=-^— — (ii.)- 

2a 



he above rules are based upon drawings and calculations made of 
es from 1 to 300 feet span, and of every rise. 

y2 



It must be remembered, however, that it 18 better to m;ikc arch 

I Aones deep rather than shallow, as the structure is more stable and . 

looks more durable. '-A thin arch is as unsightly an object as too | 

I slender a column." ' 

As regards the thickness of the abutments, Mr. Trautwine ^vta 
the following riilea, which apply equally to the smallest culvert &ild ; 
the largest bridge, to any conditions of abutment, and of load :— "It 
gives a thickness of abutment which, without any backing of eartl, 
is safe in itself, and in all cases, against the pressure when the bridge 
is unloaded." In the case of small arches, however, it depends on 
the resistance of the earth behind the abutments to an extent inoreis- 
iog as the span diminishea. 

In practice, however, earth is alwaj'a deposited behind the abnt- 
ments as the work proceeds, so that this dependence on the oaiik 
pressure is quite sound. 

If T = thickness of abutment in feet when the heigbt does not 
exceed IJ times the base — 

^4+B+= (-'■ 

If of rouf^h rubble, add 6 inches to secure full thickness in every part. 
In small bridges and large culverts of first-class railroads, subject to 
the jarring of heavy trains at high speeds, abutments from i to j 
thicker than the above have been given in many cases. 

To ascertain the form of the abutment and arch ring, the follow- 
ing method is suggested : — 

Let EO {Fig. 293) be the required span with given rise AI, 
and calculated thickness of arch ring at crown AT. Calculate lbs 
abutment thicknesses OS, EY by (iii.). From I, lay off IH. = ^E0 
and join AH, then from N draw the indefinite line GNP panUIol to 
AH. Make NG = J IT, and from G draw a line touching the 
extrados of the arch at X (it is better, as will be shown in Part If. 
when treating of the theory of arches, to draw a curve paflsing 
through G and T. The greater the weights expected on the arch, 
the greater should be the curvature, because when loaded an 
upward thrust is induced at the haunch, and not at t!ie springing). 
Then GX will he the top of the masonry filling above the arch, ii"! 
this should he completed before striking the centering. 

Next draw OP at | from the vertical face OS. From the point 
P, where it cuts the line GNP, draw PS horizontal. If PS is on the 
ground line, nothing further is needed, but if the ground lineis*' 
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Q, make the base QU = SP + J SQ, and draw the back U W parallel 
to GP. The line UW now becomes the back of the abutment. The 
additional thickness has reference rather to the pressure of the earth 
behind the abutment than to the thrust of the arch. In a very high 
abutment the inner line GP would give a thickness too slight to 
anstain this earth safely." 

T X 




Fig, 293. 



The width of base, further, should never be less than half the total 
height from ground to springing. If the above rules give a base less 
than half the height, the width must be increased accordingly, and 
the back, etc., drawn as above. When, on the contrary, the height 
of the abutment is less than the calculated thickness as found by 
(iii.), a slight reduction may be given as follows : — Make OK {Fig. 
293) = ON and draw KL. Make OZ = f of ON and draw LZ. 
Then for any height of abutment less than ON draw BV terminat- 
ing in LZ. This BV will be sufficient base if the foundations are 
firm. The back of the abutment will be drawn upward from V, 
parallel to GP, and terminating at the same height as G or W. 

A rough rule used in the English building trade for brick arches 
is : — Allow \ a brick thickness in the ring for every 5' of space, or 
fraction of 5'. Thus an arch 18' span has 18-^5 = 3|, i.e., 4 half- 
bricks = 18" thick. 



APPENDIX. 

T'> £nd the centre of premra in & cylindrio&l nhitniMiy of given onter nd 
inner diuneter, when the ooinpreMion ftl th« windward edge=0.* 

This ii eqaiv&lent to Mcertaimng the position of the centre of gnritjid | 
weilt^-shftped ring {Fig. 234), for the preMare ia uuifomily distributed b; Ik 
murtar, from nil at the wimlward edge to a mazimum at the leewaid edgi. 

Now if the wedge were solid, the centre of gravity will be vertaoeMy lUm 
a point X, g diameter from O. This may be proved mathematioaJly bj UUig 
the sum of the araaa of the vertical laminn into whioh the wedge mif W 
divided, and dividing bf the volome. 

But as the weilge ia not solid we may conaider the central portioD mlj' 
(^I'ff. 233). Aaaume this to be solid. 




Fig. 294. 




The e.g. of the ni^ier portion would be Jd from P. 

„ „ bottom „ „ td „ 

Their weighta are as 

irdhn . mPt 
8 ■ 4 ' 

where m is the tangent u£ inclination 



D' 2D 

The resultant c. g. cuts at a distance from P 

t.*., diatance of e.g. of central portion from P. 
'f he distance fr<an 

_'D-d,d 4D + rf_4D' + (P 



J. F. Close, B,E. 
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No'w going back to the wedged-shaped ring, if X=di8taDoe of eg. of ring 
O— 



^^^ _ volume of centre part x ita distance -r- X x rolnme of ring 

volume of whole solid 






, whence 



X = 






Similarly, in a hollow square wedge, where the lengths of the sides are 
D and d — 



X = 



4D2-f(/g 
6D 



CHAPTER XIV. 



Design of Drains, Water and Gas Services. 

Design of Service Pipes for Water Supply. — Design of Drains for Sewage and 
Rain-water. — Design of Gas Mains. — Illumination of Interiors. 

As it is frequently necessary in buildings to arrange for water 
supply, sewerage, and gas supply, some information on the structural 
designs necessary for the efficient and economical working of these 
services is desirable. 

It is proposed to limit the information in this chapter to the 
following heads : — I. Design of service pipes for water supply. 
II. Design of drains, either for storm water or sewage, of cylindrical 
pipes, either of stoneware or cast iron. III. Design of gas mains or 
service pipes. It is assumed that the reader is familiar with the 
laws of hydrostatics and of the physical properties of water and of 
gases. 

The following table or data in connection with both water supply 
and drainage will be found useful. 

Table XXXI. 

Useful Data in connection with Water Supply. 

Cubic feet per minute x 9000 = gallons per 24 hours. 

, , , , second x 540000 = gallons per 24 hours. 

, , , , , , X 375 = gallons per minute. 

1 cubic foot of water = 6 '23 gallons = 62*35 lbs. = -028 tons. 
1 gallon of water = 10 lbs. = 16 cubic feet = 277 "274 cubic inches. 
Gallons of water x 224 = tons. 

(Diameter)2-i- 30 = gallons per foot run of full pipe. 

(Diameter)^ in inches = lbs. of water per yard run of full pipe. 
Pressure in lbs. per square inch= '434 x head in feet. 
Head in feet = pressure in lbs. per square inch x2*3. 
Area of pipe= '7854 x (diameter)-. 

To find volume of water any pipe or well will contain in^3 feet oi 
length, square diameter in inches and divide by 10. Result will be 
in gallons. 
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/. — Design of Service Pipes far Water Supply, 

The fundamental equations in all water supply problems are 

Q = Av, (i.); v = cjrs, (ii.); and t;= \/2^A, (iii.), 
where Q = quantity in cubic feet per second (or any units). 

A = area of cross section of liquid in square feet (or any units 

the same as Q). 
V = velocity in feet per second (or any units the same as Q). 
r = the hydraulic mean depth, or mean radius, i.e., area of 

liquid -r wetted border or perimeter, in feet. 
5 = the sine of inclination, i.e., height of fall -^ length of 
channel, expressed in feet (or same units as the other 
expressions). 
c = a coefficient varying with circumstances. 
g = accelerating force of gravity. 
If the value of v can be ascertained from either (ii.) or (iii.), it is 
evident that the quantity flowing in a stream of known cross section 
can at once be ascertained from (i.). 

We shall first consider the value of v as represented by (iii.). This 
is the well-known expression for the velocity of a body falling freely, 
and it is equivalent to saying that the velocity with which a particle 
of water issues from an orifice in a vessel is the same as that which 
it would have acquired falling from a height equal to the depth of 
the water over the orifice. And as the pressure at a given depth is 
at once found (from Table XXXI. ), we may find from Equation 
(iii.) the pressure in a pipe, of given area, necessary to produce a 
given discharge. 

For example, let it be required to discharge 120 gallons per minute 
through an opening of 3" diameter (the case of an ordinary fire 
hydrant). Find the necessary pressure in the pipe. 

120 gallons per minute -f- 375 = '32 cubic feet per second. Area of 
3" pipe = '78 34 X 32 = 7* I square inches = '049 square feet. Hence 

O *32 

v = ^ becomes t;=— 4r = 6"5 feet per second, 

A -049 ^ 

, , «i;2 6-52 42-3 ^n ^ 1 X r . 

and as h = — = - — = - — = -66 (nearly) feet, 

,2g 64-4 64-4 ^ ^^ 

the pressure in lbs. per square inch 

= head in feet x -434 (see Table XXXI.) = -66 x -434 = -286 lbs. 

per square inch. 
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Now if the area of the pipe, instead of being 3", had been 1", the 

•32 
7854^144 



•32 
velocity of issue would then have been ^ ' = 58*5 feet per 



second, and h = — = — = 53*5 feet, and the pressure 

'2g 64 ^ 

53*5 X -434 = 23 lbs. per square inch. 

In calculating the head of water (or pressure) required at the taps 

ill a house or series of houses, it is advisable to allow an initial head 

from 5' to 10', or pressures of from 2*2 to 4*3 lbs. per square inch, 

according to circumstances. The greater the pressure the sooner 

will the baths, etc., be filled, but the greater the liability of the taps 

to leak. 

Equation (ii.), i.e., v==cjrs, is used for ascertaining the head 
required to overcome surface friction in the pipes. As ?', or the 
hydraulic mean depth, is the area of cross section of the liquid '-- wetted 
border, this, in pipes flowing full, will be the area of the interior of the 

pipe -=- the interior circumference, i.e., — -5- ttc? = -. The expression 

4 4 

5 = --, or head of water -^ length of pipe. Equation (ii.) may, therefore, 
be written, in the case of pipes flowing full — 



V 4 



The value of c, from M. D'Arcy's experiments, for old pipes is 



y:, 



2^ 



•010(l+xV) 
which we may call h. 

Hence Q = Ai> = '^'xiV- x^, 

Call "^f^ = K. 

64 

Then Q2 = ^ (iv.). 

V 

Q is expressed in cubic feet per second in this equation, but in 
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actual practice is nsoallv expressed in gallons |)er minate* so we 
may express this Formula (ir.) as follows : — 

Let 6 = discharge in gallons per minute = 375Q. Then 



(3757- - ^' - T ' 



or 



(J5 = 



U0625KA MA 



where 



/ / 

M = U0625K. 



\yX 



The following tahular statement gives values of K and M for old 
incrusted pipes. This allows a factor of 2 for new clean pipes : — 

Table XXXII. 

Values of Co-efficients fur old Encrusted Pipes of mrious di^^metersJ used 
in Cidciduting Discharge ichen Flowimj FuU, 



Diameter of Pipe. 



Area of Bore in 
square feet. 



Value of K [cubic Value of M vRftHoiM per 
feet per second). minute;. 



r 


•00137 


•000041 


r 


•0021 


•000145 


r 


•00306 


•000402 


r 


•0041 


•000966 


r 


•0054 


•00198-2 


U" 


•0085 


•006752 


ir 


•012 


•018139 


ir 


•017 


•041655 


r 


•022 


■085027 


24" 


•034 


•2783C5 


3" 


•049 


•7i2317 


3A" 


066 


163729 


4" 


•087 


3-269 


5" 


•13 


10 393 


6' 


•19 


20 -560 



5-76 
20-39 
56-545 
135-84 
278-72 
949-50 
2550-79 
5857 -73 
11959-2 
39135-9 
74344-2 
230-245 "28 
459703-0 
1461374-5 
3735703-87 



S3f 

KXAUrUL A^.—A 200^ill/m dfst'fm m a hwK if fainuded <d a wHed 
highi of 55' oJIhiw 1}i4 fvjtj^y m^un^ amd ike i(d^ Im-^ (f thf f^ff^j/f^ 
is I'JO frrf. WW fOfmld U a fvUaUe dxefctr ike pijx iftkejinsmnm 
thr rruu« i* 100 Utn. to liu aqyart Uuck t 

In Uie cikse of cisterns, it is generally o(Huadei>Ml tluit ih/t heid 
•bould be sufficient to fill the whole in four hoars. Hence 

G B -'—^7^ = '83 gallons a minate. 
4x60 ^^ 

A pressure of 100 lbs. per square inch = 100 x *434 head =43-4 feet 
bead at the supply main. Of this 43*4 feet^ 35' will be required to 
raise tlie water to the vertical height of the cistern, leariDg 8*4' 
available to overcome friction, and to give initial velocity to the flov"* 
as well as to overcome minor obstacles, such as bends, etc. 

Assume a 1" pipe. Then (from Table XXXII.) 

M = 278-72; 

F>]uation (v.), G- - j- , becomes 

278 X A 



•832 = 



120 



, 120 X -695 or ^ 
or h = — -— = '3 feet. 

278 
Wo iniiy uso a smaller pipe, try a 5", M = 56*5. Then 

565 

Tliin would loavo S-| - MS = G-92 feet for initial velocity of flo^' 
ami minor losses, which will bo just about sufficient. A J" pip^ 

• 

woulil perhaps he hotter than a J", as giving a more ample margin- 
It nnist always ho remomhorod that in pipes running f uU, ;?»'<'^'"'"^ 
and lu'iul are practically interchangeable terms, and that as 
hydrostatic pressure acts equally in all directions, the head at any 
|H>int in a i>ipe is available for any branches taken from the pipe*^ 
that point. Thus in considering a scheme of water supply where 
there are brai\ches at intervals, we may work along the main pip® 
from th»^ outlets to the mains, or vice versa, calculating the head at 
each bnnich, and considering the quantities which may be required 
to pass thix>ugh each [>ortion as we go along. Thus in Fig. 296, 
sup^x>si!ig A» F, and are jx^ints where water, in definite 
quantities, has to bo supplied, through pipes of given size, we may, 
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in order to ascertain the head at the end of the system (I), either 
begin there or at the 
other end, i.e., we may 
either find the head (h^) 
required at I to overcome 
friction in IH while the 
whole quantity is passing, 
then the head (h^) re- 
quired at H to overcome 
friction in HE while the 
whole quantity, minus 
that required at D, is *] 

passing, and similarly ^3 ^^^' ■'^"* 

at E and h^ at C, finally summing up h^-^-h^ + h^-h h^ to give the total 
head at I, or we may start from A, first finding h^ at C and working 
back to I. 

In this investigation we have ignored the head required to produce 
a given velocity v, and also that required to overcome resistance at 
the oiifice of entry. In "long" pipes, i.e., where the length of the 
pipe is more than 1,000 times the diameter, these resistances may be 
rieglected. In " short " pipes, where the length is less than 1,000 
diameters, these resistances must be taken into account. This subject 
is treated in a paper by Major Courtney, R.E., in the E.E, 
Professional Papers for 1896 — "Notes on Indents for Pipes and 
other Stores for Waterworks." 



Drainage. 

This subject is divided into surface, or storm water, drainage, and 
sewerage. The principles of structural design are in both cases 
similar. 

The cylindrical pipes down which the water or sewage flows may 
be full or partially full. The formula of D'Arcy, however, viz., 

r =r c Jrs = -^!— ^ Jrs, is equally applicable in either case. 

As the value of ^=a(l+^], where a and /3 are constants 

varying with the nature of the surface of the channel, and r is the 
hydraulic mean depth, we see that no one value of the coefficient c 
will give satisfactory results. For various values of r, c has the 
following values : — 



Values of CoeffkienU 

elates, and fur 



Tablk XXXIII. 

D'Arcy's Formula fm- ChanTiels of w^™"* 



. Hydra^die RadU.* 



113-32 

iia-3e 

JJS-B) 
121-07 
12-2-92 
124-54 
125-96 
127-22 



91-91 

9393 
95-75 
97-39 



1.10-20 


110-30 


74-07 


IXl-Ql 


111-74 


75-90 


137-82 


112-95 


77-7* 


13S-47 


114-02 


79-33 


1.30-04 


114-97 


80 80 


1.39-55 


115-82 


82-15 


140 -00 


110-59 


83-40 


140-41 


ll7-o« 


84-56 


140-77 


117-92 


85,65 


UMl 


llS-50 


86-66 



40 -r.!} 
51 -76 
53-76 



el K. C. S. Moorc, M 
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I the H.M.D. in circiJar drains, the following table may bo 

Table XXXIV. 
Hydraulic Mean Depth in Circular Pipes. D = diamete)' in 

feet. 



1 

1 

ivert 


2 

Area=D2x 


3 

Wetted Pt-ripheiy ! 

= Dx 


H.M.D.= 


1 


1 


5 
Depth on Invert x 


1 
1 

1 


•7854 


3^1416 


•2500 


•250 


1 


•7707 


2-6906 


•2872 


•302 


1 


•7445 


2^4981 


•2980 


•331 




7155 


2 3462 


•3033 


•359 


■ 


•6736 


2-2143 


•3042 


•380 


f 

1 


•6318 


2-0944 


•3017 


•402 


1 


•5872 


1-9824 


•2963 


•423 


1 
1 


•5404 


] -8755 


•2881 


•443 


! 


•4920 


1-7721 


•2776 


•463 


• 


•44-26 


1-6710 


•2649 


•482 


1 


•3927 


1 ^5708 


•2500 


•500 




•3428 


1^4706 


•2331 


•518 


: 


•2934 


1 -3695 


•2142 


•535 




•2450 


1-2661 


•1935 


•553 


1 

r 


•1982 


11592 


•1710 


•570 




•1535 


1 0472 


•1467 


•586 


1 


•1118 


-9272 


•1206 


•603 




•07387 


•7954 


•09-287 


•619 




•04080 


•6435 


•06351 


•635 




•01313 


•4448 


•03255 


•651 




•00133 


•2003 


•00663 


•663 



:he ai)ove table we can calculate the H.M.D. of a pipe of 
with any depth on invert. Take a 4" pipe flowing 3" deep. 
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Then 3" = -75 of diameter. Opposite "75 we see in last colnin. 
table the coefficient •402. Hence 

H.M.D. = -402 X 3" = 1 2 inches =11 feet. 

From these data it is possible to calculate the velocity and disct 
of sewers of ordinary size, when flowing at various depths, 
inclinations. For example, a 6" pipe is flowing 3" deep at a 
of Yujf' Find area of flow, H.M.D., velocity in feet per second- 
discharge in gallons per minute. 3" is '5 diameter. Coefficiea 
•5 is '500. Hence 

H.M.D. = -5 X 3" = 1-5" = 125 foot. 

Area of liquid 

= (t^)2 X -3927 = -098 square feet = 14-13 square inches. 

Velocity in feet per second = c V?*^, and r = '125, while 
•125 = 1 10 (from Table XXXIII.). 
Hence 

t;=110x /s/-125x yJ^=11 x •35 = 3-90 feet per second. 

Discharge in gallons per minute 

= A X z; = 3-9 X -098 x 375 = 143-7. 

Similarly, the various figures in Table XXXV. have 
calculated. 



:^tijHis trith difftn 



I l)ept*)i 



lnv< 



tV 



Sectiox\ 
Flo^J 



Fall 

>> 
>> 









Fa.lx 



^^\\ 



>» 
»» 

If 



D 



•0 



707-35 
071 05 

547 91 
474-50 
424-41 
387-43 






751-81) 
051 -17 
082 ^'i 
.531 07 
492-22 
460-44 



53 
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From inspection of Table XXXV. we see some important 
facts. 

(1). That the point of maximum velocity in a sewer is not when 
it is flowing full, but when the depth on the invert is approximately 
^ of the diameter. 

(2). That the maximum discharge is obtained, similarly, when the 
depth on the invert is about |^ of the diameter. 

(3). That where the fall and length are constant the discharge 
varies as Jd^, This is evident from the equation 



Cl = ^.k^\^^ 



V 



where (if h and / are constants)^Q varies as \/c?^ 

4. That in pipes of the same diameter the discharge varies 

directly as j^ ~ . 

The minimum limit of velocity in a drain should be 3 feet a 
second. The maximum limit in a stoneware or brick drain should be 
6 feet a second. Any drain that is laid at such a fall as to produce 
a greater velocity than 6' a second should be of cast iron. If the 
velocity be below 3' a second, the current will not remove solid 
matter, and the drain will gradually become choked, unless means of 
flushins: are used. 

In arranging any drainage scheme, the calculations for size of 
pipes should be based upon their maxi- 
mum (lischarginir capacity, and the pipes 
should be laid at such falls that a velocitv 
of not less than 3' a second is secured 
when the depth on invert = 0*25 diameter. 
Care should also be taken that the 
velocitv of flow increases rather than 
diminishes, as the liquid flows down, for 
a check in velocity favours the deposi- 
tion of solid matters which may be in 
suspension. 

Example 49. — Three (lraini< 4" at .^^j, 6" at 

lijjy ^^^^^l 6 ' ^^^ To '"^'^'^ ^'^ ^* inanliide. The slope 
^f the jn'opfsed drain heifand the manhole is j J^. 




jrhaf should its si:e he? (Fig. 297). 



Fi(j. 297. 



339 

A 4'^ pipe at /^^ discharges at its maximum 145*29 galls, per minute. 
9> 6 j: 7^ » >> >» 3/0*64 „ „ 

99 " r» Tinr »» '» »» ulU*uy „ ,, 



Total discharge ... 826*02 

From Table XXXV. we see that a 9-inch pipe at yj^ discharges 
910 gallons a minute. So a 9" would do all right. 

Suppose, however, that the fall had been 5^^, then the discharge 
from a 9" pipe could be found from that given for a slope of yj^ by 

<5onsidering the ratios of^ -^, i.«., as x/j^^ : Vy^::ic:910, i.e., 1,300 

gallons a minute. This is more than is required, and a smaller pipe 
would, therefore, be large enough. To find the size of such a pipe we 
take the ratios of \/rf^ 1300 : 826: : J^^ ix, i.e., as 243 :x, hence 
;c = 154, which gives a value to the diameter of about 7f ". Stoneware 
pipes are not made of this size, but the velocity of flow would exceed 
6' a second, and hence a cast-iron pipe would be required, and, of 
^course, cast-iron pipes can be made of any specified diameter. 

There is a slight advantage always in point of greater velocity by 
using a small pipe for a given discharge. For instance, a 6" pipe at 
yj-j5^ has a maximum velocity of 4*54 feet per second when the depth 
on invert is 5", and discharge 298 gallons per minute. When a 
1 2" pipe is laid at ^hj ^'^^ ^^ discharging 298 gallons per minute, 
the depth on invert is 3 J" and velocity is 4*4 feet. Hence there is 
no gain, and, of course, greater expense, in putting large pipes in a 
.system where smaller pipes can possibly be used. Another reason 
why a small pipe is to be preferred to a large pipe is that a given 
quantity of water occupies a greater space, i.e., length of pipe, in the 
small pipe, and therefore tends to force in front of it any obstruction. 
For instance, 10 gallons of water occupies 18*7 feet in length of a 4" 
pipe, while it only occupies 3*7 feet in length of a 9" pipe, hence the 
force of the water is much more likely to sweep away obstacles in 
the former case. 

In estimating the quantity of sewage that may bo expected down 

a drain, it is customary to consider that half of the total daily 

allowance of water (20 gallons per head) is discharged into the drains 

in 6 hours. This will give a definite quantity of gallons per minute, 

and the drains should be arranged with such falls and of such a size 

that, if possible, this amount may have a velocity of not less than 3' 

ii second when flowing \ full. In some cases it will not be possible 

z 2 
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to arrange this without going to excessive depths, say more than 16' 
to 20'y and under these circumstances means of artificial flushing (by 
automatic flushing tanks or otherwise) must be resorted to. 

Where storm water has to be discharged into the same drains as 
the sewage, the quantity to be allowed for will depend not only on 
the maximum rainfall in a given time, but on the nature of the 
surface to be drained. In England, ^^ per hour is usually considered 
the maximum rainfall (though this is no doubt often exceeded), and 
the following percentage of the total rainfall is allowed from surfaces 
of various kinds as follows : — Roofs, 100 per cent ; flagged surfaces, 
40 per cent ; paved surfaces, 20 per cent ; gravel with clay subsoil, 
1 per cent ; and grass plots, 2 per cent. 

It is no doubt more sanitary to have the storm drains separate 
from sewers, but frequently the " combined system " is adopted. In 
such cases the maximum discharge of the drain is limited by the 
storm water, the minimum by the greatest daily flow of sewage. 
At suitable points, e,g,^ where the drains go near water-courses, storm 
overflows should be provided, so as to minimize the risk of the drains 
being flooded in heavy rdn, and thus enable the size to be kept 
down., It is needless to say that with the combined system the 
ventilation of the drains must be most carefully attended to. 

The following table (prepared by H. Spwerby Wallis, F.M.S.), is 
useful for showing the yield of rain-water from roofs of various sizes 
with varying rain falls. 
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Table XXXM. 

Daily Yield of Heater from Roofs of Various Sizes^ uith Varying 

BainfalL 



Mean 
Rainfall. 



Inches. 



20 
25 
HO 
35 
40 
45 



20 
25 

;w 

55 
40 
45 



20 
25 
50 
55 
40 
45 



20 
25 
30 
35 
40 
45 



20 


20 


25 


15 


30 


15 


35 


15 


40 


15 


45 


15 



Evaporation. "^i, . of Water. 



Ditto. I Di'to. 
Wettest Ytar. ' Drvest Year. 



Per Cent. 



Cube Feet. 



Gallons. 



Gallons. 



Area of Hoii^ lo' x Jt/ = JfJO ^nurt feet. 



25 
20 
20 
20 
15 
15 



100 
135 
145 
155 
165 
170 



4-3 

«* mm 

O'i 

6-8 

7-9 

9-7 

10 9 



6-7 

7*5 

94 

11-0 

131 

14-2 



A rea oj Hoiute 15' x 2u' = SOU -square feet. 



25 
20 
20 
20 
15 
15 



150 
200 
225 
2:^5 
245 
250 



6-4 
8-6 
10-3 
12-0 
14-5 
16-4 



9-9 
11-3 
14-2 
10-7 
19 6 
21-4 



Area of Honne 20' y. 25' =500 >iqiiare feet, 

I 



25 
20 
20 
20 
15 
15 



250 
335 
375 
390 
405 
415 



10-7 
14-3 
171 
19 9 
2t-2 
27 -3 



16-6 
18-7 
23-6 
27-7 
32-8 
35 7 



Area of Home 20' x 50' = 1^000 square feet. 



2d 
15 
15 
15 
15 
15 



500 
065 
740 
785 
S15 
835 



22-8 
30-3 
36-4 
42-4 
45-6 
48^5 



30 1 
40 
50-3 
59 
62-0 
63-6 



Area of House 25' y. SO' = 2000 square feit. 





1010 


45 


60-2 






1330 


60-() 


80-0 






1480 


72-7 


100-5 






1570 


84-8 


118-0 






1630 


91-1 


123 






1700 


96 


126-6 





Gallons. 



3-2 
3-9 
4-5 
5-0 
7-2 
8-8 



4-8 
5-0 
6-9 
7-7 
10 8 
131 



8 
9-7 
11-4 
12-7 
18-0 
21-8 



15*5 
20-6 
24-4 
27 
34-1 
391 



31 
41-2 

48-7 
54-0 
()7-9 

78-2 
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Where tables given in engineering pocketbooks, for water snpply 
and drainage, are based on the formula known as ** Neville's." thev 
are not to be depended on, because that formula ignores the 
variations in the coefficient c caiise^l by variations in the hydraulic 
mean depth, and by the nature of the surface of the channeL 

Gas Supply. 

The niles for the sizes of gas pipes are based on much the 6ame 
principles as those for water pipes, with some important diflferences 
which will be noticed in due course. The quantity required at 
various parts of a building is settled, either by such r^ulations as 
those of the Barrack Synopsis, which allows a certain amount of gas 
per cubic space of interior, or by consideration of the necessary 
illumination in a given case. In order to utilize gas to the best 
advantage, it should be delivered at certain pressures, which will vary 
with the class of burner and the quality of the gas. For flat-flame 
burners and London 16-candle gas, the best pressure is usually taken 
at /^ of an inch, pressure being measured by the height of a column 
of water which the gas will support, measured in tenths of an inch. 

Now at the gas works the pressure in the mains is from 2*5" to 3". 
The difference, therefore, between this and the pressures at the 
burners is absorbed by skin friction in the pipes. Presfmre, therefore, 
in gas design is analagous to hexid in water-supply calculations. 

It may here be remarked that gas fires, stoves, engines, etc., 
require higher pressure, as a rule, than gas burners for lighting. 
This would need to be taken into account when designing a building 
where such fittings are required. 

The pressure of the gas, the length and the diameter of the pipe, 
are the varying factors on which the quantity delivered depends. 
The quantity varies (1) directly as the square root of the pressure ; 
(2), inversely as the square root of the length ; and (3) directly as the 
'1\ power —some authorities say as 2\ power — of the diameter. 

The following formula is given in Hurst's Handbook : — 
Let D = diameter of pipe in inches. 
(« -= specific gravity of the gas. 
L = length of pipe in yards. 
P = initial pressure in inches. 
(J = quantity of gas in cubic feet per hour. 
M = a constant value from 1,000 toM,350. 

lien ^-^^ /D^P 



Q = Myj 



GxL 
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From this we see that if M, D, G and P are constants, Q varies as 

^ =^ , and if M, D, G and L are constants, Q varies as ^«. Thus 

we may by simple proportion utilize the tables in Hurst's Pocket- 
book to ascertain the loss of pressure by friction, of any given 
quantity passing through any given length. Thus from the tables, 
we find that a 3" pipe 100 yards long will supply 2,323 feet of gas at 
1" pressure. Suppose we have a 3" pipe 400 yards long required to 
supply 1,600 feet of gas, and we want to know what pressure would 
he required, we first find the possible qiuintity that could pass through 

400 yards of 3" pipe at 1" pressure, for if Q' be that quantity, it is 
evidently 

= 2323 X V^= 1,161 cubic feet. 

And if 1,161 cubic feet absorbs 1" pressure, the pressure P absorbed 

by 1,600 feet • 

_. 16002 _ 

"* "" 11612"^^' 
or, in one expression — 

P= 16002x1 4-23232x1^. 

Every foot of rise or fall in a pipe increases or diminishes the 
initial pressure by *01 of an inch. 

Illumination, 

In addition to ascertaining the size of the pipes, it is frequently 
necessary to apply the principles of design to the arrangement of the 
light sources so as to provide for effective illumination. This, of 
course, applies to all sources of artificial light, and not only to gas. 

Light is measured in England by candle powei'y the standard being 
a candle, which will consume 120 grains of sperm per hour, and of 
which six go to a pound. The illumination depends simply upon the 
quantity of light falling upon a given surface, and has nothing to do 
with the nature of that surface, though the effect of that surface may 
be that some of the light will be absorbed, and some transmitted or 
reflected. It is analogous to rain falling on grass plots, roofs, etc., 
where in one case the ground absorbs much of the rainfall and in 
another case gives it off. 

The unit of illumination which is now usually taken in 
England is the candle foot, i.e., the illumination produced by one 
standard candle at a distance of one foot, on a plane at right angles 
to the horizontal rays of light emitted by the candle. The illumina- 
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♦ion varies inversely m the square of the distance, one camlle at one 
^oot producing as much illuniinnlion as i candles at 2 feet. Oot 
I candle At 2 feet will, therefore, have ^^ = Q'2o candle-feet illuminatJORf 

16 candles at 8 feet will have — =025 candle feet, providing alm.ji 

I'the plane of illuminiition is ot right angles to the direction of the j 
I rays. The total amonnt of iUunii nation in candle feot is represented 



Hi- 







where I repieseals the total candle power of the tight source, and D 

the distance in feet. 

When the sniiace is not at right angles to the direction of the 

rays, it is evident that the 

illnmination will be reducod. 

In Fit/. 298 let the parallel 

lines i-epresent a aeries ot light 

rays emanating from some 

source, and falling upon a unit 

sui'face AB at right angles to 
. them. If AB he pivotted at A p- • 

and moved to the position AB', ^' 

then the light falling on the sui'face will be B'C, and if 6 be the angle 
, Itetween the direction of the light rays, ami the normal to the plane 

B'C = ABcosfl. This may be expressed as follows: — The intensity 

of illumination, which is received obliquely,is proportional 

to the cosine of the angle which the luminous rays make 

with the normal to the illuminated surface. 
Luminous surfaces itpptnr to be of the same brightness at aiij* 
I point. This apparent intrinsic brightness is the same at all distances, 

thus a line of gas lamjis lighting a street, when viewed from a 

direction nearly in the line of the length of the street, appear equally 

brilliant t<i the eye within a considerable limit of distance. 

Let us further consider the effect ot obliquity on a horizontal plane 

below a light source. Let I be the luminous intensity or candle 

power ot the light source in a radial direction, let A be the height of 
[ the light source vertically above the plane, and x be the horizontal 

distance of any point C from the light source. Then the slant 

distance = -Jh^ + r'-, and if a unit portion of the plane at C t 
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tamed so as to be at right angles to the ray, the illumination there 
I 



^irould be 



(from Equation (L) above). The illumination ^, there- 



fore, on the horizontal plane (the angle of incidence of the light ray 

being a) is 

I cos a .. ^ 
("•) 



e = 



h^-\-x^ 



(Fig. 299). 




Fig. 299. 
This formula may be transformed as follows : — 



Since 
if we multiply by 



h = ijhr 4- X- cos a, 

h h 

J or ■ , 

/i s/Ji' + X- cos a 

Ih 



e = 



{h''-^x^)% 



or since 

if we multiply by 



C0S2 a = y-,- - ^ 

cos- a COS*^ a (h'^ + x^) 
— r— or ^ / 

cos- a . h^ 



e = 



I COS^ a 



or since 



sin^ a = 



X' 



e = 



A24-a:2' 
I sin^ a cos a 



x^ 



(iii.), 



(iv.), 



.. (v.). 



From Formula (iv.) we see that the variation of lighting in a 
horizontal plane, where the rays are of equal intensity in all 
directions, is proportional to cos^ a. If AB be the vertical height 
and AC the slant height, Formula (iv.) might be written 

IxAB 
ACS • 
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• 

From (v.) we can ascertain the best height to place the light 
source so as to get a maximum intensity of illumination at a distance 
.r, provided the light rays are of equal intensity in all directions radia^ 
from the source. This is not the case in any gas burners. The angk 
works out to 54" '44', or h = 0'707oc. 

Inasmuch, however, as there are very considerable variations intk 
radial intensity of gas lamps, it is necessary to ascertain, by means 
of a radial photometer, the value of that intensity at various angles, 
with various pressures of gas, with and without reflectors, globes, or 
any other means of improving the intensity in any direction. Eadial 
photometry is as yet but little practised, yet there appears to be no 
reason why it should be more difficult to establish for any given 
lamj), pressure, etc., than the ordinary horizontal photometry. 

Assuming that the values of the intensity at various angles have 
been ascertained, and are shown, as in Fig. 300, by the curve mn; 




Fig, 300. 



let the height above the proposed horizontal plane on which illumina- 
tion is required be h. Any point P on that plane is lighted by a 
rav of intensity ascertained to be AC = L and the value of the 

T 3 

illumination from Formula (iv.) is ^^.^ - . Through C draw CP 

vertical to the horizontal line ADK, and CK at right angles to AC 
From 1) draw DR parallel to AC, meeting CR at R, and from Rdraw 
KK parallel to CD. Then 



Hone 



»»■» 



KR = DR cos a = DC cos^ a = AC cos^ a. 

KR 



( = 



h- 



Hy ro[)resenting the \uu\> of luminous intensity (candle power) b} 
a lino //-, the illumination in candle feet is = KK. This ^^h 
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srefore, be laid off at PQ, and if the same is done for other 
:linations we have a curve QQ', etc., giving a graphic representation 
the illumination on the given horizontal plane produced by the 
ht source at A. The ordinates PQ, FQ', etc., represent the 
idle-feet illumination at the points P, F, etc. If there are two 
more light sources the total illumination produced at any point 
11 be the sum of the ordinates.* 

By this means it is possible to find the illumination produced in 
y place, either the interior of a building or an open space outside* 
^ any arrangement of lamps of known radial photometric value- 
I interiors this illumination will be largely augmented by reflection 
' an extent which is not calculable. The influence of reflection 
ay, however, be taken into account by fixing a low standard of 
inimum illumination to be permitted. 

It is thus possible to arrange the known light sources in the most 
Gnomical positions, both vertically and horizontally, to produce in 
ly given space the best illuminating effect. In such buildings as 
urches, reading rooms, gymnasia, etc., this is very important. A 
mdard candle at 2 feet distance, or 0*25 candle-feet illumination, 
sufficiently good to enable a person of fair eyesight to look up' the 
lins in a Bradshaw. Where there is prospect of much reflection 
light, e.g., from whitewashed walls, etc., it would be quite justifiable 
fix upon an even smaller limit of minimum illumination, say 0*16 
tidle-feet. 

The following table, prepared by Prof. Vivian Lewes, gives the 
lotometric value of various classes of gas burners at various angles 
i^ese values were taken by a Dibdin's radial photometer in a darkened 
om: — 



This graphic method of representing illumination is that proposed by 
Mar^chal, of Paris, and published in The Journal of Ocui Lighting^ 16th 
bruary, 1897. 
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TA£L£ XXXVII. 



U/niAi^nj Fala^ of Vary)u^ Brnmtfr^ at Ai^gles Mait fhe Harizcmtal 
Terms of CanJU^ p^ Cuhir Foot of G^u Omsumed^ ( 1 &-€amdle Gas). 
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moon is full and high in the heavens. 

The illumination of a vertical plane, the height of which is small 

compared with the height of the lisjht source, is = —^ • ^^ 

is, of course, nil below the light, and at 45' is equal to the illumin** 
tioo on a horizontal plane. 

It is sometimes useful to know this, so as to arrange external 
lamps with a view to their giving sufficient light to enable lettering 
OD a wall, etc., to be read. 
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Absorption of water in masonry, 32 
Abutments to arches, 324 
Active and passive forces, 1 
Adhesion of mortar, 38 
Angle-irons, value of I, 101 
Angle of repose, 306 
Arches, empirical formulae for, 323 
Arched ribs in trusses, 267 
Axis, neutral, 87 

Baker, Sir B., rules for retaining 

walls, 321 
Bars, arrangement of rivets in, 219 

eye, 200-210 

tension, 156 

Batter face, 323 

Beams, supported, stresses in, 88 

deflection of, 124—137 

cast-iron, 143 — 145 

rectangular, 90 — 91 

, rolled iron and steel, 96, 148 

Bearing plate to heel strap, 194 
Bending moments, 61 
Bolts and nuts, rules for, 200 
Bow's notation for gra])hie diagrams, 

18 
Breast walls, rules for, 322 
Brickwork, strength of, Xi 

adhesion of mortar to, 39 

Buttresses, stability of, 309 
examples of, 31 1 —312 

<Janti LEVERS, cast-iroii, 146 

moments in, 62 

roofs, 286 

shearing stress in, 114 — 1 16 

Cast-iron beams, 143 

— cantilever beam of, 146 

columns of, 169, 181 

compressive strength, 54 

elasticity, 60 

objections to beams of, 54 

Cement, adhesion of, 39 
Cement, strength of, 37 
Centre of gravity, 1 1 

of angle-irons, 25 

of parabola, 24 

Chain rivetting, example of, 219 



Chimneys, example of, 316, 319 

stability of ordinary, 314 

of factory, 317 

Claxton Fidler's formulae fore olumns, 

169 
Collar beam roofs, 246 
Columns, long, 158 — 175 

Euler's formulae, 163 

Claxton Fidler's investigations, 

162 



— Prof. Johnson's investigatioDB, 
166 

— Gordon or Rankine's investiga- 
tions, 168 

eccentric loading on, 166 



159 



Combined bending and direct stress, 

177 
Composite roofs, 272 
Compression bars, 158 
Compressive stress, 3, 

timber, 43, 160 

iron and steel, 56 

Concrete, strength of, 40 — 42 

in foundations, thickness of, 292 

width of, 291 

('ontra-flexure, points of, 77 
Corl)els, shearing in, 30 
Counterforts in retaining walls, 323 
Couple roofs, 239 

close roofs, 242 

Crushing, failure by, 159, 299 
Culmann's principle, 70 
Curved members in roofs, 267 

D'Akcy's formula for water, 330, 333 
Deflection of beams of uniform section, 
127 

strength, 130 

table for various, 129 



Discharge in pipes, table of, 339 
Distribution of load, 4 

shearing stress, 119 

Draining site of foundations, 290 
Drainage, design of stonn, 383 

Earth pressure, 324 

Eccentric loading on columns, 162, 166 

fastening of tension bars, 157 
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Elasticity, modulus of, 8 

valuer of, for timber, 47 — 51 

: masonry, 30 

Kndogenous trees, strength of, 45 
Eulers formulee for columns, 163, 186 
Expansion and contraction masonry, 
31 

iron and steel, 60 

Experiments on timber, 43 

on iron and steel, 57 

Extension of test pieces, 56 
Eyes for tension bars, 201 

Factor of safety, 4 

Failure of walls by overturning, 298 

crushing, 299 

sliding, 305 

Fastenings and joints, 188 — 228 
Fatigue in materials, 7 
Fibre mean, 227 
Flexure of long columns, 162 
Floor girder, 97, 106 

joist, 104, 139 

Force, definition of, 10 
Formulae for timber beams, 139 
Foundations in ordinary soil, 289 

on piles, 296 

example of, 293 

Friction, co-etticient of, 305 
Frost, level of foundations, 289 
Fanahawe, general rules for revet- 
ments, 322 

Oas supply, 342 
(rib and cotter joint, 211 
Gordon's formula for struts, 168 
<Traphic diagrams of forces, 17 
or moments of flexure, 66 — 



83 



102 



areas of ec^ual resistance, 



-^ for stresses on roofs, 246, 

251, 261, 262 

. — long columns, 170 

._ pressure on masonry, 

299 
<;roup joint, 219, 221 
Ciyration, radius of, 163 

Hammkk beam trusses, 269 
Heel straps, calculations for, 193 — 196 
Hip and valley rafters, 263 
Hollow pillars, cast iron, 179 

. example of, 181 

Hytb'aulic mean depth, 329 
table of, 335 

Illumination, 343 
Inertia, moment of, 93 



Inertia, moment of, various values of, 

95, 101, 108 
Influences, active and passive, 2 
Intensity of stress, definition of, 3 
Intensity of light, 344 
Internal moments, resisting rupture, 

86—90 
Inverted arches, 295 
Iron tests on, 54 — 60 

strength of, 54 — 60 

roofs, 273 

joints. 198—228 

Johnson's formulae for columns, 167, 
170 

Joints and fastenings, general prin- 
ciples, 188 

Joists in floors, 137, 140 

trimmed and trimming, 191 

Kino post truss, 249 

without common rafters, 

259 
Knots in timber, 43 

Levek, law of, 12 

Light, measurement of, 346 

Limit, elastic, 8 

Lime vermm cement mortar, 36 

Loads, live and dead, 5 

on roofs, 229 

safe, 4 

Long columns, 162 — 176 

Masonry, tests on, 27 

weight of, 31 

Mean fibre, grouping rivets about, 227 
Method of sections, 281 
Modulus of elasticity, 8 

rupture, 94 

Moments in levers, 12 

of flexure in beams, 61 — 85 

of resistafnce, 86—94 

of inertia, 93 

in masonry walls, 302, 308 

Mortar, tenacity and adhesion of, 

35—38 
Mortice and tenon joints, 190 

Nature of soil, 287 
Neutral axis, 87, 94 
layer, 87 

Oblique illumination, 344 
Obli({uo joints in trusses, 191 
(Jpenings in walls, 307 
Overturning, failure by, 299, 308 

Parabola, how to draw, 20 
Parabolic curve of moments, proof of, 

. 84 
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Hie foundations, 296 

Pin and eye joints, 200 — 205 

Piixis, flow of water in, 332 

IMtch of roofs, '2'M 

Polar diagrams, 21 

Pressure, centre of, 31 S 

Principal rafteis, i-ulculations for, 

25r>, 258 
- - joint at f<K)t of, 191 

— iron, 279 

Punching rivet holes, 214 
Purlins, 140, 142, 2,")4, 258, 259 

QiTEKN post roof truss, 260 

Radius of gyration, 161, 186 
Railway rails, transverse strength of, 

149 
Rankine's formuhe for columns, 168 

distribution of 

shearing stress, 123 

foundations, 289 



method of sections, 281 



Rectangular beams, formula? for, 139 

resistance of, 90 

ReiK)se, angle of, 306 

Resilience, 9 

Resistance, moment of, 86 — 94 

line of, 299 

Retaining walls, empirical rules for, 

321 
Ridge l)oard, 239 
Rivetted joints, 213—228 
Ri vetting, 214 
Rivets, steel, tests of, 59 
Rock foundations, 289 
Rolled iron and steel beams, 148 
R<K)f8, composite, 272 

— tlow of water from, 343 

- iron, 273 

- loads to be provided, 232 
timber ribbed, 267 

.weights on, 229 
Rupture, modulus of 

Hand, r|uality of in mortar, 35 

Scantlings, tables of, 152 — 155 

hvarf joints, 189 

h><rt;w joints, 198 

^k'(-tionH, method of, 281 

Set, {iernianent 

h>heunng stress, de6nition of, 3 

- distrilmtion of, 119—121 
- relation between bending 
Uiomeiit and, 1 1 1 
^$holi colunuis, 169 
^^li/diiig, failure by, 305 
^^iope of roofs, 231 



Slope and deflection, 133 

Snow on roofs, 232 

Soil, nature of, 287 

Stability of walls, 298 

Steel, quality and strength tests, 

57—59 
Stiflhess, 9 
Stress diagrams^ special use of, in 

design of roofs, 283 

and strain, definition of, 2 

Strength, definition of, 3 
Structure, definition of, 2 
Struts, design of wooden, 160, 180 

iron, 162, 182 

tables for, 176 



Supporting power of soil, 288 

Tables {see Index of Tabular State- 
ments) 
T bars, sizes of, 102 

moment of inertia of, 102 

Temperature stresses, 32 
Tension bars, 156 

members in roofs, 275, 279 

Test specimens, 27, 56, 58 
Tie beams, 242, 255 
Timber, strength of, 43 — 45 

proportions in beams, 141 

Trautwine, rules for arches, 323 

piles, 296 

radius of gyration, 164 

Trusses, see roofs. 

Ultimate stress, 3 
Uniform loads, 4 

on beams, 73 

Unwin, Pix)fessor, tests of brick 

piers, 32 
Uusvmmetrical cross sections, value 

of~I, 100 

Velocity of water issuing from ori- 
fice, 329 

Walls, enclosure, 308 

stability in, 298 

Water in foimdations, 290 

useful data, 328 

service pipes, 329 

flow in sewers, 3r^^ 

Weights on roofs, 230 
Wind pressiu:^, 233 
Wohlers experiments, 7 
Working load, 4 V^ 
Wrought-iron beams, 96 — 148 

Yield point, 55 

— of water from roofs, table of. ^44 
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